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Abstract 
This dissertation deals with the synthesis of silica based nanopigments by chemical 
reaction in liquid phase through “bottom-up” procedure.  
First, five methods for preparation of silica nanostructures based on sol-gel process 
have been discussed. Silica monodisperse spherical nanoparticles as small as 5 nm, 
capsules, and macroporous particles have been synthesized in water and ethanol 
catalyzed by acid and base. These silica nanostructures based on sol-gel process are all 
porous. Then, the preparation of dense silica which provides better encapsulation and 
protection is presented.  
The coloration of silica particles is realized by the incorporation of dyes and gold 
nanoparticles. The dye molecules have been incorporated on the surface of silica matrix 
or encapsulated into silica matrix by physical adsorption and chemical binding. For dye 
molecules on the surface of silica matrix, the optical properties of the dyes show few 
differences compared with free dyes. No improvement of performance is observed either. 
For dye molecules encapsulated into silica matrix by chemical binding, the absorption, 
fluorescence excitation and emission spectra are similar to those of free dyes except that 
red shifts to different degree have been observed. After encapsulation, the photostability 
has been improved and the quantum yield has been enhanced. The application of these 
dye-doped silica nanoparticles on textiles has been demonstrated.  
Utilizing the strong surface plasma resonance of gold nanoparticles, the silica 
particles have also been colored by gold nanoparticles. Silica coated gold nanoparticles 
with controlled number of gold nanoparticles in the core have been prepared by the 
controlled coalescence of microemulsion and CTAB induced coagulation of gold 
nanoparticles. The optical properties of the silica coated gold core-shell particles can be 
tuned by adjusting the number of gold nanoparticles in the core. These particles are used 
for the study of metal enhanced fluorescence enhancement. The fluorescence emission of 
fluorescein isothiocyanate (FITC) can be enhanced or quenched by gold nanoparticles 
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depending on the distance between the dye molecules and the surface of the gold 
nanoparticles. At the distance 20‒30 nm which is controlled by the silica shell thickness, 
the enhanced fluorescence emission of FITC is observed as high as 12 times for silica 
coated gold nanoparticle monomers, dimers and trimmers. The gold nanoparticle dimers 
and trimers have stronger enhancement than monomers. 
At last, all-silica colloidosomes are investigated. The silica colloidosomes are 
prepared by partially hydrophobized silica nanoparticles stabilized water-in-oil Pickering 
emulsion. A polymeric silica precursor is used to link these particles together. The size 
and structure of the colloidosomes can be easily controlled. The shell of the colloidosome 
can be controlled to have one or two layers of silica nanoparticles. This is a new 
phenomenon and has not been reported before. The water evaporation rate from the 
colloidosome has been dramatically reduced because of the closely packed silica particles 
on the shell. The silica colloidosomes are very promising to be used as an encapsulation 
device. The system has also been extended to encapsulate nonaqueous materials.    
 III 
 
Abbreviations and Symbols 
  
A Hamaker constant  
a.u.                        arbitrary unit 
APTES  (3-aminopropyl)triethoxysilane 
Ar aryl 
CMC critical micelle concentration 
CTAB hexadecyltrimethylammonium bromide 
CV coefficient of variation 
DMF dimethylformamide 
Ea activation energy 
EELS electron energy loss spectroscopy 
EFTEM energy-filtered transmission electron microscope 
Et ethoxy group 
FESEM field-emission scanning electron microscope 
FITC fluorescein isothiocyanate 
GPTMS 3-glycidoxypropyltrimethoxysilane 
h Plank’s constant 
hν indicates lights; h is Plank’s constant, and ν is the photon 
frequency 
k Boltzmann constant 
 rate constant 
m multiplet (spectra) 
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M mol/L (molar concentration) 
n refractive index 
MPEG poly(ethylene glycol) methyl ether 
ODMS n-octadecyltrimethoxysilane   
PAS photoacoustic spectroscopy 
PCM phase change material 
PEG polyethylene glycol      
PEO polyethylene oxide 
PEOS hyperbranched poly(ethoxysiloxane) 
PDI perylene diimide 
q quartet (spectra) 
rpm revolutions per minute 
Ru(bpy)                 tris(2,2-bipyridyl)dichlororuthenium(II) hexahydrate  
s singlet (spectra) 
t triplet (spectra) 
T absolute temperature 
SEM scanning electron microscope 
TEM transmission electron microscope     
TEOS    tetraethyl orthosilicate 
TGA thermal gravimetric analysis 
TMS Tetramethylsilane 
XPS X-ray photoelectron spectroscopy 
UV-Vis                  ultraviolet-visible  
vol volume  
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vol % volume percent  
wt weight 
wt %  weight percent 
γ surface tension 
δ chemical shift in parts per million (ppm) downfield from the 
standard 
θ contact angle 
λab absorption wavelength 
λem emission wavelength 
λex excitation wavelength 
  
the wavenumber of maximum absorption peaks in reciprocal 
centimeters  
ε dielectric constant 
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Chapter 1  
Introduction 
1.1 Introduction on Nanopigments 
Nanopigments or pigment nanoparticles are emerging functional nanomaterials which 
have properties different from molecular and bulk materials1-3. Dispersions of organic 
and inorganic nanopigments are increasingly finding their applications in printing, paints, 
coatings, cosmetics, and color filter arrays for the display industry4-11.   
 
Scheme 1-1. Schematic illustration of the advantages of untrasmall particles as 
pigments over microparticles.  
The importance of pigments in nanoscale range is based on many advantages of 
ultrasmall particles over microparticles (Scheme 1-1).  First, ultrasmall particles can be 
dispersed more easily in solvents than larger ones. When the particle is small enough, the 
gravity of the particle can be neglected when compared with other forces (such as van der 
Waals force and static electric forces that exists in a dispersion), so that the particles can 
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be stable against sedimentation in suspension. Therefore, more stable dispersion can be 
prepared by smaller particles. Second, ultrasmall particles scatter light much less 
intensively because the amount of Rayleigh scattering varies as the sixth power of the 
particle size12. Hence, transparent dispersions can be prepared in the rage of visible light. 
Third, ultrasmall particles can form closed packed films by colloidal self-organization on 
substrates. After application of particle dispersion on a surface, well ordered two 
dimensional particle arrays can form upon the evaporation of the solvent by alignment 
motion through capillary force13. The relative magnitude of capillary force is greater in 
the case of smaller particles than in the case of larger particles. Forth, ultrasmall particles 
that are adsorbed on a surface are more difficult to be removed by mechanical forces than 
larger ones. Therefore, improved fastness can be achieved. Last but not the least, 
ultrasmall pigments may achieve some special effects such as higher optical densities, 
increased range of color scales and so forth4, 14. 
1.2 Scope of the Dissertation         
 The aim of this dissertation is to develop silica based pigment nanoparticles which 
have special optical properties and color effects. The silica based nanopigments described 
in this dissertation is synthesized by chemical methods through “bottom-up” procedure.  
These preparations are all performed in liquid phase. 
Silica is used as host matrix for the incorporation of colorants and various 
functionalities in this dissertation. Silica, or silicon dioxide, can be natural or synthetic, 
crystalline or amorphous. In this dissertation, only synthetic amorphous silica in colloid 
state is discussed. Choosing silica as a host is based on several advantages over 
traditional organic or inorganic materials. The inertness is one of the most valuable 
properties of silica. Silica is a highly transparent, dielectric material. It does not absorb 
light or conduct electrons. Furthermore, silica can be doped by incorporation of other 
elements or molecules, imparting functional properties depending on the state of fusion. 
Silica is inert and thus resistant to many chemical attacks, stable in most environments, 
nontoxic, and biocompatible. On the other hand, silica particles can be prepared with very 
small size. The surface modification and functionalization of silica is well established. 
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Hence, silica nanoparticles provide a practical platform for designing functional 
nanoparticle15, 16.  
In Chapter 2, different methods of preparation for colloidal silica nanoparticles are 
discussed based on the sol-gel process at low temperature. Silica prepared under these 
conditions is porous, which allows solvent molecules, oxygen and other small molecules 
to penetrate the structure. For achieving tight encapsulation, nonporous fused silica is 
preferred. The synthesis of nonporous and dense silica is discussed in Chapter 3. A two-
step coating procedure is developed in a solution process for the coating of ZnO 
nanoparticles. Improved acid stability of ZnO nanoparticles demonstrates the density of 
the coating obtained by this procedure. The synthesis of dense silica particles at high 
temperature is also described.  
The following Chapters deal with the preparation of silica nanopigments. The 
coloration of silica is realized by several approaches. One route is to dope the silica by 
dye molecules, which is discussed in Chapter 4 and Chapter 5.  Traditional organic dyes 
and pigments often suffer from fast photobleaching. In the silica nanoparticles, the dye 
molecules can be stabilized by the rigid confinement17, 18. In every nanoparticle, 
thousands of dye molecules can be encapsulated, and it can exhibit the performance of 
multiple dye molecules. The solid matrix also protects the dye molecules from quenchers 
such as oxygen. Furthermore, the surface chemistry of silica nanoparticles enables easy 
covalent attachments for dispersions and substance fixation.   
Incorporation of dye molecules into the silica framework can be realized in several 
approaches, e.g. physical adsorption19 and chemical bonding20. The two methods can also 
be used together to prepare multiple-doped silica nanoparticles. The molecules can be 
incorporated either on the surface or inside the silica particles. In the former case, the dye 
molecules are located on the surface and still have contact with the environment, which 
will be discussed in Chapter 4, also regarding the potential of such dye-doped silica 
nanoparticles as pigments for the coloration of fabrics. Chapter 5 shows that the dye 
molecules must be encapsulated in the silica matrix for efficient protection against 
bleaching and improved optical performance. 
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As a metallic pigment, gold nanoparticles have been incorporated inside silica 
nanoparticles. Because of the strong plasmon resonance, Gold nanoparticles can serve 
two functions, i.e. selective adsorption of light thus causing a coloring effect; but also 
enhancing the fluorescence of adjacent dye molecules by the evanescent field effect. 
Special efforts are devoted to tune the optical property through the control of the gold 
nanoparticle assemblies as described in Chapter 6 and Chapter 7. In Chapter 8, silica 
nanoparticles co-doped with gold nanoparticles and fluorescent dyes are investigated. 
The enhanced fluorescence is observed.  
Chapter 9 demonstrates a new route to prepare silica colloidosomes. Silica 
nanoparticles are combined with – silica precursor polymer to yield fused silica 
microcapsules by Pickering emulsion technique.      
1.3 References 
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Chapter 2  
The Synthesis of Silica Nanoparticles 
2.1 Introduction 
Silica can be synthesized as highly monodisperse, highly spherical nanoparticles. 
Much of the advances in silica nanochemistry are based on the hydrolysis and 
condensation of tetraethylorthosilane (TEOS)1 (Scheme 2-1), or the sol-gel process2.  
 
Scheme 2-1. Hydrolysis and condensation of TEOS. 
The hydrolysis of TEOS can be catalyzed by both acid and base. The water in the 
system initiates the hydrolysis and formation of monosilicic acid. Iler outlined the general 
theory of polymerization of silica in aqueous system (Figure 2-1)3. When the solution of 
monomer, Si(OH)4, is formed at a concentration greater than the solubility of the solid 
amorphous silica in the absence of solid phase on which the soluble silica might be 
deposited, then the monomer polymerizes by condensation. The resulting spherical units 
are the nuclei that develop into larger particles by Ostwald ripening4.  At pH = 7–10, the 
silica nanoparticles are negatively charged and repel each other. Therefore, the particles 
can continue growth without aggregation. Above pH 10, the silica begins to dissolve as 
silicate. At low pH, the silica particles bear very little ionic charge. Thus, the particles 
can collide and aggregate into chains and then form gel networks. This also happens 
when salts present at high pH, because the salts can neutralize the silica.  
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Figure 2-1. Polymerization of silica. In basic solution (B) particles in sols grow in 
size with decrease in number; in acid solution or in presence of flocculating salts 
(A), particles aggregate into three-dimensional networks and form gels. (Redrawn 
from reference 3.) 
In the scope of this dissertation, monodisperse and spherical silica nanoparticles are 
of interest. Therefore, basic catalyzed condensation is preferred. In this chapter, several 
methods to prepare silica nanoparticles are reviewed. The characteristics and properties 
of these methods are compared. Thereby, silica nanoparticles can be prepared for 
different applications.  
2.2 Stöber Method 
The Stöber synthesis developed in the 1960’s was the first method reported for 
making highly spherical, highly monodisperse silica nanoparticles with diameters of 50 
nm–2 µm5. After the original work, many modifications have been performed to the 
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method and a lot of work has been done to understand the mechanism of the formation of 
monodisperse spherical silica particles6-9.  
 
Figure 2-2.TEM images of Stöber silica particles. Average diameter: a) 70 nm, b) 
65 nm, c) 55 nm, d) 50 nm, e) 45 nm, f) 20nm. The bars represent 100 nm.  
In a typical Stöber procedure, ethanol, ammonium hydroxide, and water are mixed 
together, and then TEOS is introduced into the mixture with stirring. TEOS is hydrolyzed 
catalyzed by ammonium hydroxide and then the silicic acid produced by the hydrolysis 
of TEOS condenses to form amorphous spherical silica particles.  
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The size of the particles can be controlled by changing the concentration of TEOS, 
water, and ammonia in the system. The smallest particles that can be obtained by this 
method are around 20 nm in diameter. The preparation of particles smaller than 50 nm is 
difficult. Figure 2-2 shows typical transmission electron microscope (TEM) photos of 
Stöber silica particles. The specifications of the samples are listed in Table 2-1. The 
concentrations of ammonia and water have an important effect on the final size of the 
particle. The influence of concentration of TEOS on the size is less profound than that of 
the concentrations of water and ammonia.  
 Table 2-1. Sample specifications of the synthesis of Stöber silica nanoparticlesa. 
Sample T 
[TEOS] [NH3] [H2O] [Ethanol] Sizeb CVc 
Picture 
mol/l mol/l mol/l mol/l nm % 
1 RT 0.17 0.76 2.16 15.54 70 10% Figure 2-2a 
2 RT 0.39 0.57 2.38 14.73 65 12% Figure 2-2b 
3 RT 0.04 0.63 1.79 16.20 55 9% Figure 2-2c 
4 RT 0.14 0.62 1.75 15.85 50 10% Figure 2-2d 
5 60 °C 0.14 0.62 1.75 15.85 36 9% Figure 2-2e 
6 RT 0.32 0.48 1.35 15.33 20 11% Figure 2-2f 
 
Note: a All the samples are prepared with stirring speed at 300 rpm. 
         b Mean diameter, determined by TEM. 
         c Coefficient of variation. 
         
Beside the concentration of the reactants, the particle size can also be affected by 
other parameters. With increasing temperature, the particle size decreases. For example, 
the sample with 50 nm diameter prepared at room temperature decreases to 36 nm in 
diameter if the reaction was carried out at 60 °C. It is also worth to be noted that the 
particles prepared at higher temperature have more regular shape compared with particles 
with the same size prepared at room temperature.  In the case of small particles, the 
stirring speed also has a strong effect on the particle size. For instance, if Sample 6 in 
Table 2-1 was prepared with stirring speed 600 rpm, the average particle size was 33 nm. 
However, for particles larger than 50 nm, the stirring speed has no obvious influence. 
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The typical Stöber silica particles are monodisperse and spherical. The coefficient of 
variation (CV) is around 10%–15% in the case of particles with diameters of 20–100 nm. 
The surfaces of the particles are negatively charged, which prevents the particles from 
coalescence in dispersion. When particles are smaller than 50 nm, the particles become 
less spherical and less monodisperse. The surface of the particles also becomes less 
smooth.   
After preparation, the silica sol in ethanol is quite stable. It can be stored at room 
temperature for months. Although some precipitation appears after longer storage time, 
the agglomerates can be easily redispersed by ultrasonic bath. The separation of the 
particles from ethanol dispersion can be performed by centrifugation. The speed and time 
depends on the particle size. For particles smaller than 30 nm, the centrifugation becomes 
difficult, and not all particles can be separated.   
The Stöber synthesis can also be performed in other alcohols, such as methanol, 
propanol and so forth. However, the reaction in ethanol produces the finest particles. The 
Stöber silica particles are very hydrophilic.  
2.3 Microemulsion 
2.3.1 Basic Concepts of Microemulsion 
Microemulsions are clear, isotropic liquid mixtures of water, oil, surfactant and 
sometimes cosurfactant which was first reported in 1943 by Hoar and Schulman10. Unlike 
traditional macroemulsion, a microemulsion is thermodynamically stable11. In the current 
model of microemulsion, surfactant molecules form spherical aggregates in the 
continuous phase. If water is in the center of the aggregates, it is called water-in-oil (w/o) 
microemulsion, or reverse micelle and is generally characterized by the molar ratio of 
water to surfactant (S), 0w : 
0w = [H2O]/[S]                                                            (2-1) 
Then the relationship between 0w and the micellar radius mr can be established: 
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03 3S w
m
S S
V V wr                                                          (2-2) 
where, S  is the molar interfacial area at the surfactant-oil boundary; SV , wV  is the molar 
volume of surfactant and water respectively10.  
The linear relationship between mr and 0w has been experimentally proved in various 
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) and hexadecyltrimethylammonium 
bromide (CTAB) reverse micellar systems above a critical 0w
12, 13
. Therefore, the size of 
the water droplets can be controlled by adjusting 0w . The continuous Brownian motion of 
reverse micelles results in the exchange of materials in the water droplets and eventual 
equilibrium distribution of all contents14. On the basis of the above model of reverse 
micelles, the advantages of reverse micelles as nanoreactors are obvious. The reaction 
can be confined in a limited space of which the size can be precisely controlled. The 
products will have uniform and controllable size and shape. The surfactants also act as 
capping agents preventing the flocculation of the products. 
2.3.2 The Use of Microemulsion to Prepare Silica Nanoparticles 
Igepal® CO-520
C9H19
O
OH
n
n~5
 
Scheme 2-2. Model of the reverse micelle and the structure of the nonionic 
surfactant Igepal® CO-520. 
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Water-in-oil (w/o) microemulsion has been used to synthesize ultrafine silica 
nanoparticles by base-catalyzed hydrolysis of TEOS15, 16. When TEOS is used as the 
precursor of silica, it is dissolve in the oil phase and the catalyst (acid or base) is in the 
water phase. The formation of the silica nanoparticles in w/o microemulsions will be 
confined in the water droplets (Scheme 2-2). The particle size is controlled by the 
parameters of the microemulsion17, 18. 
 
Figure 2-3. TEM images of silica nanoparticles obtained by microemulsion.  Mean 
diameter: a) 5 nm; b) 10 nm; c) 15 nm; d) 25nm; e) 35 nm and f) 45 nm. The bars 
represent 50 nm. 
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  In order to get particles with size smaller than 50 nm, Igepal® CO-520 
(polyoxyethylene nonylphenol ether, see structure in Scheme 2-2) is used which is a 
nonionic surfactant. Cyclohexane / Igepal® CO-520 /water ternary microemulsion system 
is chosen. With this method, more monodisperse and more spherical silica particles than 
Stöber silica particles with diameters of 5‒50 nm are prepared. Figure 2-3 shows typical 
silica nanoparticles obtained by the system. The size of 5 nm is almost the smallest 
particles that can be prepared in water, because smaller particles can be easily dissolved 
in water.  
The microemulsion method can produce very fine spherical silica nanoparticles with 
diameter of 20‒50 nm (CV < 10%). These particles can form two dimensional hexagonal 
close packing assemblies upon drying on the TEM grids (Figure 2-3c and d), which also 
indicates the uniformity of the particles. In the case of 5–20 nm silica particles, the size 
distribution becomes broader (CV: 10%‒15%).  
This microemulsion system is based on Igepal® CO-520, which has been 
systematically studied. Some sample specifications and the statistical results of the size of 
the obtained particles are presented in Table 2-1. The particle size is strongly affected by 
the concentration of reactants and the microemulsion parameters such as the 
concentration ratio of water to surfactant (w0). In the experimental range (w0 = 5‒30), the 
size decreases with increasing w0 (Figure 2-4a). The results show that the particle size 
increases with the increase of ammonia concentration (Figure 2-4b). Therefore, through 
proper adjustment of the above mentioned parameters, the size can be precisely 
controlled.  
The formation of silica nanoparticles in reverse micelles is confined to the core of the 
water droplets. However, the water available for conversion of TEOS can also be affected 
because the water molecules are bound to the surfactant molecules. Therefore, the 
hydrolysis of TEOS is impeded iIn the case of lower w0. Hence, nucleation can be slowed 
down. Fast initial nucleation rates, however, are essential to acquire narrow site 
distributions. At higher w0, the micelle becomes larger and much more water molecules 
exist in every micelle, the concentration of silicic acid in every water droplet is higher. In 
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this case, intramicellar nucleation will be predominant. As more nuclei will form at 
higher w0, smaller particles can be obtained consequently.  
Table 2-2. Sample specifications of silica nanoparticles prepared by the 
microemulsion procedure and the results of obtained silica nanoparticlesa. 
Sample 
[TEOS] [NH3] [S]b w0c 
Sized CV 
mol/l mol/l mol/l nm % 
1 0.05 0.10 0.1 20 8.4 14 
2 0.05 0.33 0.1 33.3 12.2 14 
3 0.05 0.40 0.1 40 13.0 11 
4 0.05 0.26 0.1 26.7 13.2 12 
5 0.05 0.20 0.1 20 13.4 13 
6 0.05 0.055 0.1 13.3 14.1  / 
7 0.1 0.20 0.1 20 14.5 9.6 
8 0.05 0.13 0.1 13.3 15.2 16 
9 0.05 0.10 0.05 20 17.6 8.5 
10 0.05 0.033 0.1 10 19.3 11 
11 0.05 0.066 0.1 10 20.4 9.3 
12 0.025 0.10 0.1 10 22.0 6.4 
13 0.05 0.10 0.1 10 22.3 9 
14 0.05 0.079 0.1 10 22.8 5.3 
15 0.05 0.20 0.1 13.3 23.1 13 
16 0.05 0.10 0.1 10 24.3 8.8 
17 0.05 0.066 0.1 6.67 26.3 4.6 
18 0.05 0.16 0.1 20 33.2 4.5 
19 0.05 0.10 0.2 5 33.3 4.2 
20 0.2 0.10 0.1 10 36.2 6.6 
21 0.05 0.043 0.1 5 37.0 7.6 
22 0.05 0.10 0.05 10 39.0 3.8 
Note: a All the samples are prepared at room temperature.  
         b [Igepal® CO-520].          
         c w0 = [water]/[surfactant].  
             d Mean diameter, determined by TEM, at least 150 particles were counted. 
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Figure 2-4. (a) The influence of w0 on the particle size.  [Igepal® CO-520] = 0.1 M, 
[NH3] = 0.2 M, [TEOS] = 0.05 M.  (b) The influence of concentration of ammonia 
on the particle size. w0 = 10, [TEOS] = 0.05 M, [Igepal® CO-520] = 0.1 M.  
In most cases, the microemulsion still remains transparent and clear after the 
formation of silica particles. The microemulsion system stays stable for years if the 
evaporation of solvent can be avoided. To recover the particles from the microemulsion, 
ethanol is needed as de-emulsifier. After the addition of ethanol, the microemulsion is 
broken and particles precipitate. The particles need to be washed with ethanol and water 
to remove the surfactants. The particles obtained by this method are hydrophilic and 
ready to be dispersed in water. 
2.4  Amino Acid Catalyzed Synthesis of Silica Nanoparticles  
Recently, amino acid assisted synthesis of silica nanoparticles has been reported19-21. 
Uniform-sized nanoparticles with diameters of 5–25 nm were prepared by the hydrolysis 
and condensation of TEOS in aqueous system. Basic amino acids such as lysine and 
arginine were used as catalyst under weakly basic conditions. This technique provides an 
alternative method of synthesizing monodisperse silica nanoparticles with diameter less 
than 50 nm. On the other hand, this method also allows the preparation of silica 
nanoparticles to be performed in water rather than organic solvent. Also considering that 
amino acids are used as catalysts and the use of any surfactant is avoided, this technique 
is a rather green method.     
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  Some modifications of this procedure have been made to make it suitable for this 
study. L-lysine was used as catalyst which was dissolved in water (pH = 9‒10). 
Afterwards, the solution was heated to 60 °C and TEOS was added with stirring. The 
system was kept under stirring for one day.  At the beginning, the system was 
heterogeneous. The organic phase (TEOS) and water phase (lysine solution) coexisted. In 
the progress of the reaction, TEOS was gradually hydrolyzed. Eventually, the system 
became a homogenous dispersion of silica nanoparticles. Figure 2-5 shows typical 
particles with diameters of 25 nm prepared by this procedure. The particles are spherical 
and fairly monodisperse, though the surface of the particles is not as smooth as that 
prepared by microemulsion.   
The pH value of the aqueous phase is around 9.2, and the basic lysine can function as 
catalyst for the hydrolysis and condensation of TEOS. The L-lysine is also effective for 
the formation of silica particles due to its electrostatic interactions with silicic acid. 
Larger particles can be obtained by increasing the concentration of TEOS and in longer 
reaction time. These particles can also be used as seeds for further Stöber growth to 
produce larger particles.  
 
Figure 2-5. Silica nanoparticles synthesized in L-lysine aqueous solution at 60 °C 
with mean diameter of 25 nm. The bar represents 50 nm. 
The particles prepared by this method are stable in dispersion for months. After 
longer time storage, some precipitates might appear. However, these particle 
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aggregations can be easily redispersed. The separation of these particles from the 
dispersion by centrifugation is difficult, especially for particles with diameters less than 
20 nm. Only part of the particles can be recovered by centrifugation at 10,000 rpm for 60 
min. A small amount of salts can help the particles precipitating, but the redispersion of 
the particles becomes difficult.     
2.5 Acid-Catalyzed Hydrolysis and Condensation 
  Though base-catalyzed hydrolysis is preferred for the preparation of silica 
nanoparticles, in certain conditions, acid-catalyzed hydrolysis can also be used to prepare 
silica nanoparticles. For example, the synthesis of silica nanoparticles in nonionic 
Pluronic® surfactant aqueous solution under acidic condition has been reported22. Using 
this procedure, silica particles with diameters of 10‒20 nm have been obtained. Figure 2-6 
shows the particles prepared in 5 wt% Pluronic® F127 (EO106PO70EO106) solution 
containing 0.5 M HCl. The structure of the particles is supposed to be solidified 
Pluronic® F127 micelle. At this concentration (above critical micelle concentration of 
Pluronic® F127), the surfactant molecules form micelles. The silicate species tend to 
condense in the PEO region of the Pluronic® surfactants. Then, silica deposits on the 
micelles and forms particles.  
 
Figure 2-6. TEM images of silica nanoparticles obtained in 5% Pluronic® F127 
aqueous solution under acidic condition. The bar represents 200 nm. 
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2.6 Silica Particles Synthesized by PEO-Modified PEOS 
2.6.1 PEO-Modified PEOS 
Hyperbranched poly(ethoxysiloxane) (PEOS) is a polymeric silica precursor which is 
prepared by the condensation of TEOS23. The structure of PEOS is shown in Scheme 2-3. 
With the presence of water, PEOS undergoes hydrolysis and condensation catalyzed by 
acid or base to form amorphous silica, which is similar to the case of TEOS. Unlike 
TEOS, however, PEOS is nonvolatile and relatively stable under storage. As a compound 
of condensed TEOS, PEOS shows many differences in the process of silica formation 
compared with TEOS. For example, PEOS tends to form films under certain 
circumstances24.  
 
Scheme 2-3. The structure of unmodified PEOS and the reaction of modification of 
PEOS by MPEG. 
Terminated by ethoxy groups, PEOS molecules are quite hydrophobic. To make 
PEOS molecules hydrophilic, PEOS is modified by poly(ethylene glycol) methyl ether 
(MPEG, Mw = 350) to substitute the hydrophobic ethoxy groups by hydrophilic 
polyethylene oxide (PEO) groups so that the modified PEOS can be dissolved in water 
(Scheme 2-3). Then, the synthesis of silica nanoparticles can be simply performed in 
water. Here, three PEOS modifications are used to prepare silica particles in water by 
basic hydrolysis. Three different PEOS samples were obtained by substitution of 5%, 10% 
and 20% of the ethoxy groups by PEO respectively, which are designated as PEO5%-
POES, PEO10%-PEOS and PEO20%-PEOS respectively. The three PEOS samples have 
different solubility in water.  The detailed synthesis and characterization of PEO-
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modified PEOS is described elsewhere25. This section focuses on the use of PEO-
modified PEOS as a versatile precursor for silica nano- and microstrucutres. 
2.6.2 Results and Discussion 
The three modified PEOS samples have different hydrophilicity. Therefore, they have 
different solubility (or dispersibility) in water. Generally, the solubility increases with the 
increase of PEO content. In the current study, 5wt% solution (or dispersion) of the three 
modified PEOS in water were investigated. PEO5%-PEOS has rather low solubility in 
water. White precipitates form immediately when PEO5%-PEOS is mixed with water. 
PEO10%-PEOS can be dissolved in water and forms a semitransparent sol. PEO20%-
PEOS can be completely dissolved in water and forms a clear and transparent solution.  
 
Figure 2-7. Photography of the dispersion of silica particles in water after 1 day of 
reaction. From left to right, the samples are silica prepared by PEO5%-PEOS, 
PEO10%-PEOS and PEO20% -PEOS respectively. 
After the PEOS has been well mixed with water, ammonia aqueous solution was 
added to the system as catalyst. These mixtures were kept under gentle stirring or without 
stirring at room temperature to allow the hydrolysis and condensation of PEOS. After one 
day of reaction, the solutions or dispersions have no obvious change (Figure 2-7). The 
distinct appearances of these three dispersions are depicted by the photography in Figure 
2-7. In the case of PEO5%-PEOS, white precipitates quickly gather on the bottom of the 
vessel when stirring is stopped. However, the precipitates can be easily redispersed in 
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water by shaking. This indicates that the products have relatively large size and low 
density. In the case of PEO10%-PEOS, the dispersion stays semitransparent for a long 
time and no obvious difference can be detected by naked eyes during the storage. The 
dispersion of PEO20%-PEOS keeps clear and transparent. These two dispersions are 
stable at room temperature for at least months.     
 
Figure 2-8. FESEM (a) and TEM (b) images of silica particles obtained by basic 
hydrolysis of PEO5%- PEOS. 
Electron microscopy was used to study the morphologies of these products. The 
results show that the products of these three samples are quite different in size and shape 
(Figure 2-8‒Figure 2-12).  The silica particles prepared by hydrolysis of PEO5%-PEOS 
have very porous structures (Figure 2-8). From the SEM image, it can be seen that these 
particles have a spherical morphology with diameters of several hundred nanometers to 
several micrometers. These spheres have many holes with different size on the surface. 
TEM imaging further indicates that there are even more holes inside the spheres. SEM 
images obtained at different acceleration voltages (Figure 2-9) reveals that the holes exist 
in different depth of the particles and cavities with size from several nanometers to 
several hundred nanometers interconnect and distribute throughout the whole particles. 
The wall between adjacent holes can be as thin as 10 nm. Therefore, the particles have a 
very loose, porous or spongy structure. Hence, these particles are characterized by an 
extremely large specific area. Because of the large size, these particles precipitate from 
water. However, they can be easily redispersed due to the low density.  
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Figure 2-9. SEM images of silica particles prepared by PEO5%-PEOS obtained at 
acceleration voltage: 1.0 kV, 1.5 kV, 2.0 kV, 5.0 kV, 10 kV, 20 kV, 30 kV and 30 
kV TEM mode respectively.  
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Figure 2-10. TEM image of silica hollow nanospheres prepared by basic hydrolysis 
of PEO10%-PEOS under unltrasonic treatment. The bar represents 100 nm.  
The hydrolysis of PEO10%-PEOS produces particles with different morphologies 
depending on the reaction conditions. If the PEO10%-PEOS solution is treated by 
ultrasound for half an hour after the dissolution of PEOS in water and the solution is kept 
under gentle stirring, small hollow particles can be obtained after 1 day (Figure 2-10). 
TEM shows that all these particles are hollow spheres with diameters of 10‒30 nm. The 
capsular structure can be clearly viewed. The shells are 5‒10 nm thick. If the mixture of 
reactants is not stirred after the dissolution of PEOS, larger capsules are also found beside 
the small hollow particles mentioned above (Figure 2-11). The SEM images reveal that 
the larger particles are spherical with diameters from 100 to 500 nm. TEM images 
indicate that these particles also have a capsular structure. The shells of these larger 
capsules are around 5‒10 nm, which is similar to the shell of small hollow particles.   The 
larger capsules have rather strong mechanical strength. During the measurement of TEM 
and SEM under high vacuum and high voltage electron irradiation, no broken capsules 
were observed.   
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Figure 2-11. SEM (up) and TEM (down) images of silica capsules obtained by 
hydrolysis of PEO10%-PEOS. 
For PEO20%-PEOS, the products are very small silica nanoparticles with diameters 
of 5‒10 nm (Figure 2-12). These particles have relatively uniform size. There are some 
agglomerates observed which may be caused by the evaporation of water during the 
sample preparation.  
 
Figure 2-12. TEM images of silica particles obtained by hydrolysis of PEO20%-
PEOS. The bar represents 100 nm.  
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Scheme 2-4. Schematic illustration of the formation of silica particles with different 
morphologies by PEO-modified PEOS.  
The different morphologies of the silica particles should be the results of the nature of 
the PEOS. Unmodified PEOS is hydrophobic and cannot be dissolved or dispersed in 
water. When PEOS is modified by hydrophilic PEO groups, its solubility in water is 
increased, which makes the preparation of silica nanostructures in water possible. 
Furthermore, the PEO group obviously remains bound to the silicon and can protect and 
stabilize the obtained silica particles. As 5% of ethoxy groups of PEOS are substituted by 
PEO, the dispersibility in water is considerably improved and the molecule becomes 
amphiphilic which forms microdroplets when PEO5%-PEOS comes into contact with 
water. The hydrophobic part associates, but the existence of PEO on the surface of these 
droplets prevents them from coalescence. The hydrolysis and condensation of POES 
occurs first at the interface of PEOS and water. The solidification of PEOS at the 
interface fixes the shape of the droplets. These droplets hydrolyze gradually and form 
silica particles. During the process of hydrolysis and condensation, ethanol is released 
from PEOS and the volume of PEOS shrinks. Therefore, pores emerge in the formed 
silica particles. The porous structure of the particles allows the penetration of water, 
which ensures the complete hydrolysis of PEOS in the droplets. PEO10%-PEOS is even 
less hydrophobicity and the volume balance between hydrophobic and hydrophilic 
segments favors the formation of lamellar aggregates, i.e. vesicles. Therefore, after 
dissolved in water, PEO10%-PEOS can assemble either to micelles or to vesicles 
particles have diameters of several ten and several hundred nanometers which are in the 
range of the size of micelles and vesicles. These particles have a hollow structure and 
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have 5‒10 nm thick shells. By changing the experimental conditions, it is possible to 
control whether micelles or vesicles are formed preferably. After solidification of the 
PEOS, these assemblies are converted to silica capsules. In the case of PEO-20%-PEOS, 
the PEOS becomes very hydrophilic and can be dissolved in water and form a molecular 
solution. Unimolecular condensation yields ultrasmall particles. 
The stirring speed has a distinct influence on the products of the three modified PEOS. 
In case of PEO5%-PEOS, the stirring speed can affect the size of the droplets. At high 
speed stirring, small droplets form and ultimately small silica particles are obtained. In 
case of PEO10%-PEOS, the stirring speed has no obvious influence on the final products 
except that less large capsules are obtained. In case of PEO20%-PEOS, stirring obviously 
can affect the diffusion-limited reaction. The transport of materials in the reaction is 
accelerated by stirring.  Ultimately, larger particles and even particle network can be 
formed at high stirring speed. 
2.7 Comparison of Different Methods of Silica Synthesis  
Five methods of preparation of silica nanoparticles have been discussed above. Each 
method has its characteristics. In this section, a comparison of these methods is made 
regarding their distinct advantages and disadvantages.  
Among the five methods, the Stöber procedure is performed in alcohol. The w/o 
microemulsion method uses nonpolar organic solvents as continuous phase. The other 
three procedures are carried out in water.  Aqueous silica particle synthesis is mostly 
carried out under basic conditions except for the Pluronic® F127 assisted method 
performed in acidic environment. The reason is that acidic hydrolysis of TEOS tends to 
form gels due to the free growth of the silica precipitates. The latter can be prevented by 
polymer surfactant. All water based methods can produce particles as small as 5 nm to 
several micrometers. For particles larger than a few tens of nanometers, Stöber and 
microemulsion procedures yield the best size control. Capsules or spongy particles can be 
prepared with different PEOS modifications. The stability of the dispersion and 
redispersibility of the particles are very important for many applications. Here these 
Chapter 2 Silica Nanoparticles 
 
26 
 
properties are evaluated by observing sedimentation of the dispersions. The properties are 
summarized in Table 2-3.  
Table 2-3. Comparison of the five methods for synthesis of silica nanoparticles.  
 Stöber Microemulsion Amino acid Assisted 
Pluorinic® 
F127 Assisted PEO-PEOS 
Medium alcohol microemulsion water water water 
Catalyst ammonia ammonia L-lysine HCl ammonia 
Mophorlogy spherical spherical spherical spherical 
capsules, 
particles, 
spongy 
particles 
Size 20 nm ~ several µm 5 ~ 50 nm 10 ~ 30 nm 10~ 20 nm 
20 nm/sub-
micrometer 
to 
micrometer 
Size control good good fair / / 
Separation good good fair difficult / 
Stability of 
Dispersion 
months to 
years years months months months 
Redispersibilitya > 80% 60%~80% 60%~80% < 50% 60%~80% 
Note: a How many particles can be redispersed in water after dried at 60 °C for 12 h. 
Determined by the weight of the undispersable particles.  
2.8 Surface Modification and Functionalization 
The silica particles prepared by the methods discussed above are hydrophilic. They 
are ready to be dispersed in polar solvents such as water and ethanol. The surface of the 
particles is covered by silanol (Si-OH) groups. For further applications, these particles 
may need to be modified or functionalized, for example, to achieve tailored 
hydrophobicity or grafted functional groups. Several modifications and functionalizations 
are demonstrated here (Scheme 2-5). 
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Scheme 2-5. Surface modification and functionalization of silica particles. 
 The modification and functionalizaton of silica particles generally are realized by the 
covalent binding between the silanol groups on the surface of hydrate silica and 
functionalized silanes. Amino-functionalized silica particles are prepared by the reaction 
with (3-aminopropyl)triethoxysilane (APTES). This functionalization is very important 
because amino groups are highly reactive and can be used as intermediate for the 
incorporation of other functional groups. Carboxylic acid-functionalized silica 
nanoparticles cannot be prepared by direct reaction between the silica nanoparticles and 
carboxylic acid-functionalized silane. The synthesis is realized through the reaction of 
amino-functionalized silica particles with succinic anhydride in dimethylformamide 
(DMF). The modifications of silica particles with octadecyl groups and trimethyl 
silylation are used to change the hydrophocity of the particles.  
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Figure 2-13. Zeta-potential of different modified Stöber silica particles with 
diameter of 50 nm in water with different pH value. 
  The zeta-potential of the particles changes after modification, which depends on the 
functional groups introduced to the surface. Figure 2-13 gives the dependence of the zeta-
potential and pH value of unmodified, animo-modified and carboxylic acid-modified 
Stöber silica nanoparticles in water.  As can be seen, at pH > 2.0, the unmodified Stöber 
silica particles are negatively charged. The electrostatic repulsion induced by the negative 
charge keeps the particles stable in basic dispersion. The carboxylic acid-modified silica 
that has been prepared from the animo-modified silica yielded an isoelectric point at pH ≈ 
4. The amino-modified silica carries positive charge at pH < 5. At pH = 5–8, the amino-
modified silica bears almost no charge. These particles are more negatively charged than 
unmodified silica when pH > 4.  
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Figure 2-14. XPS spectra of unmodified (left) and carboxylic acid-functionalized 
(right) Stöber silica nanoparticles.   
X-ray photoelectron spectroscopy (XPS), FTIR, NMR and electron energy loss 
spectroscopy (EELS) are employed to characterize the modification of the silica particles. 
Figure 2-14 gives the XPS spectra of unmodified and carboxylic acid-modified silica 
nanoparticles. The spectra demonstrate that element N is absent on the surface of 
unmodified silica particles while it exists on the surface of modified silica particles (from 
the second amide groups). At the same time, the composition and chemical environments 
of O, C and Si also change (Figure 2-15), which indicates the chemical modification of 
the surface.  
FTIR spectra (Figure 2-16) of the functionalized silica nanoparticles further prove the 
modification of these particles. The characteristic peaks of -CH2-/-CH3 ( : 2850, 2920 
cm-1) groups can be observed, which proves that the corresponding silane has been 
grafted on the silica surface. The peak of -CONH- ( : 1651 cm-1) confirms the 
existence of carboxylic groups on the silica surface.  
Figure 2-17 gives the C-K, O-K, Si-K electron energy loss spectra (EELS) of 
octadecyl-modified Stöber silica nanoparticles. A strong signal of carbon is found. Figure 
2-18 gives the elemental mapping of octadecyl-modified silica nanoparticles measured by 
EFTEM. The high concentration of carbon on the surface of the particles is clearly 
revealed (Figure 2-18b).  
max
max
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Figure 2-15. High resolution XPS spectra of C1s, N1s, O1s, Si2p of unmodified (left) 
and carboxylic acid-functionalized (right) Stöber silica nanoparticles. 
 
C 1s 
N 1s 
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Figure 2-16. FTIR spectra of unmodified, amino-, carboxylic acid- and octadecyl-
modified Stöber silica nanoparticles. 
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Figure 2-17. C-K, O-K, and Si-K EELS spectra of octadecyl-modified Stöber silica 
nanoparticles.  
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Figure 2-18. Bright field TEM image (a) of octadecyl-modified silica nanoparticles 
and the elemental distribution of C (b), O (c), and Si (d) measured by means of 
EELS.  The bars represent 100 nm.   
2.9   Summary  
Five methods for the synthesis of silica nanoparticles, including Stöber, 
microemulsion, amino acid-assisted hydrolysis, Pluornic® F127-assited hydrolysis, and 
PEO-modified PEOS as precursor, have been studied. With these methods, silica particles 
can be prepared in water or organic solvents with diameters of 5 nm to several 
micrometers.  The particles can be prepared in alcohol, water or microemulsion by basic 
or acid catalyzed hydrolysis. The morphology includes spherical particles, spongy 
spheres and capsules. The characteristics of these methods are compared. The silica 
C-K 
O-K Si-K 
(a) (b) 
(c) (d) 
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products prepared by these methods are all hydrate amorphous silica particles. The 
surface modification and functionalization of these silica particles are performed through 
the condensation with suitable functionalized silanes. FTIR, XPS, NMR and EELS 
spectra are employed to characterize the modified silica nanoparticles.      
2.10 Experimental Section 
2.10.1 Synthesis of Stöber Silica Nanoparticles 
In a typical procedure, 5.7 mL 25% aqueous ammonia solution were mixed with 114 
mL absolute ethanol with stirring. After 15 minutes, 3.8 mL TEOS were added. And the 
mixture was kept under stirring overnight. Gradually, the solution became turbid, which 
indicates the formation of silica nanoparticles. In this case, silica nanoparticles with 
diameter of 50 nm were obtained. The particles were isolated by centrifugation, and 
washed with ethanol and water several times to remove unreacted TEOS. Then these 
particles can be dispersed in ethanol or water. The dispersions could be used for further 
surface modification or used as cores for the preparation of dye doped silica. Changing 
the recipe, particles with different sizes could be prepared.  
2.10.2 Synthsis of Silica Nanoparticles by Microemulsion Method 
The microemulsion solution was prepared by mixing adequate amounts of Igepal® 
CO-520 (surfactant), Cyclohexane (continuous phase) and aqueous ammonia solution 
(disperse phase). In a typical procedure for the preparation of silica,  0.441g Igepal® CO-
520 were dissolved in 10 mL of cyclohexane, followed by addition of 90 µL of water, 
100 µl of TEOS, and 60 µl of 25% ammonia aqueous solution with stirring. After 10 
minutes, the mixture turned to be transparent indicating the formation of a 
microemulsion. The reaction was allowed to stir for 24 h to complete the hydrolysis and 
condensation of TEOS. Afterward, the microemulsion can be broken by the addition of 
ethanol to recover the silica particles. Upon the addition of ethanol to the microemulsion, 
white precipitates appeared. The precipitates were collected by centrifugation. The 
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particles were washed several times with ethanol several times to remove excess 
surfactants and finally were washed with water.  
2.10.3 L-Lysine Assisted Synthesis of Silica 
In a typical synthesis, 0.0146 g L-lysine (0.1 mmol) were dissolved in 13.9 mL water 
and then 1.0 mL cyclohexane was added. The mixture was heated to 60 ºC in a water bath 
under magnetic stirring. The stirring rate was controlled to mix the aqueous solution well 
without disturbing the top layer. When the temperature reached 60 ºC, 1 mL TEOS was 
added. The reaction was then kept at constant stirring and temperature for 20 h. This 
resulted in silica nanoparticles with a diameter around 25 nm.  
2.10.4 Pluronic® F127 Assisted Synthesis of Silica Nanoparticles 
In a typical preparation, 0.6 g of Pluronic® F127 was dissolved in 9.4 g of HCl (0.5 
M) aqueous solution with stirring at room temperature. Then 1.0 g of TEOS was added. 
The mixture was stirred at room temperature for 1 hour, and 0.08 g of 
diethoxydimethylsilane was added. Stirring was continued at room temperature for 0.5 
hour or longer.  
2.10.5 Synthesis of Silica Particles by PEO-Modified PEOS 
Certain amount of PEO-modified PEOS was mixed with 20 mL water and a solution 
with silica content 5 g/L was obtained. Then, 1mL 25% ammonia aqueous solution was 
added with stirring. After all ingredients were well dissolved or dispersed, the mixtures 
were kept steady or with gentle stirring. After one day, the samples were measured by 
TEM and SEM. 
2.10.6 Modification and Functionalization of Silica Nanoparticles 
Functionalized nanoparticles were prepared by using suitable functional silanes as 
coprecursor and copolymerization with TEOS. The silanes containing the functional 
group were combined with silica precursor (TEOS) first, and then the functionalized 
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nanoparticles were synthesized by following the typical procedure for non-functionalized 
particles.  
Unmodified Stöber silica: 1H NMR: (400MHz, D2O, TMS, δH, ppm): 1.26 (3H, t, 
OCH2CH3), 3.74 (2H, OCH2CH3). FTIR (PAS, max , cm-1): 3335 (O‒H), 2982 (CH3), 
2948 (CH3), 2908 (CH2), 1864, 1080 (Si‒O‒Si), 940, 799 (Si‒OH), 440. 
Preparation of amino-functionalized silica nanoparticles: typically 1 mL of 
APTES was added to 50 mL of Stöber silica dispersion in described in Section 2.10.1 
quickly with vigorous stirring. Then the dispersion was kept overnight under stirring at 
room temperature. The semitransparent dispersion became turbid gradually and some 
precipitates were found. Then the particles were washed with ethanol and redispersed in 
ethanol. 1H NMR: (400MHz, D2O, TMS, δH, ppm): 3.64 (2H, q, SiO‒CH2CH3) N‒CH2), 
3.01 (2H, t, N‒CH2), 1.77 (2H, m, N‒CH2CH2), 1.175 (3H, t, O‒CH2CH3), 0.70 (2H, t, 
Si-CH2). FTIR (PAS, max , cm-1): 3385(O‒H, N‒H), 2982 (CH3), 2932 (CH2), 1868, 1628 
(N‒H), 1089 (Si‒O‒Si), 944, 800 (Si‒OH), 468. 
Preparation of carboxylic acid-functionalized silica nanoparticles: A dispersion 
of amino-functionalized silica nanoparticles in ethanol was centrifuged and redispersed in 
a 1:1 mixture of ethanol and DMF, followed by centrifugation and redispersion in DMF.  
10 mL of the dispersion was added dropwise to a 0.1 M glutaric anhydride solution in 
DMF. The mixture was left with gentle stirring overnight at room temperature. The 
turbidity of the dispersion decreased gradually because the similar refractive index of 
DMF and silica reduces the scattering. The particles were washed with DMF to remove 
excess glutaric anhydride and were finally redispersed in water by slowly increasing the 
ration of H2O to DMF. FTIR (PAS, max , cm-1): 3308 (O‒H), 2989 (CH3), 2932 (CH2), 
1867, 1633 (‒CONH‒), 1094 (Si‒O‒Si), 949, 800 (Si‒OH), 464. 
Preparation of octadecyl-functionalized silica: 50 mL of Stöber silica dispersion 
described in Section 2.10.1 was redispersed in 50 mL toluene. And then 0.1 mL of 
ODMS and 0.1 mL 25% ammonia aqueous solution was added quickly with vigorous 
stirring. And then the dispersion was allowed to keep overnight under stirring at room 
temperature. The particles were isolated by centrifugation. Then the particles were 
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washed several times with toluene and ethanol to remove excess silanes and then were 
redispersed in nonpolar solvents, such as toluene and chloroform.  1H NMR (400MHz; 
CDCl3, TMS, δH, ppm): 0.62 (2H, t, SiCH2), 0.90 (3H, t, CH3CH2), 1.28 (32H, ‒(CH2)16‒
), 3.55 (0.8H, s, SiO‒CH3).  13C NMR (75 MHz, CDCl3, TMS, δC): 14.1 (CH2CH3), 22.7, 
29.4, 29.8, 32.0, 33.4 (CH2).  FTIR (PAS, max , cm-1): 3312 (O‒H), 2959 (CH3), 2919 
(CH3), 2850 (CH2), 1862, 1633, 1467, 1080 (Si‒O‒Si), 948, 799 (Si‒OH), 559, 452.  
Silylation by trimethylmethoxysilane: Stöber silica dispersed in ethanol was 
transferred to acetonitrile. Then silylation was carried out by adding 
trimethylmethoxysilane under room temperature with stirring. After reaction, the 
particles were washed with acetonitrile and ethanol and then redispersed in ethanol. 1H 
NMR (400MHz, CDCl3, TMS, δH, ppm): 0.11 (s, Si(CH3)). FTIR (PAS, max , cm-1): 
3308, 2993 (CH3), 1867, 1633, 1452, 1094 (Si‒O‒Si), 949 (Si‒OH),800, 464. 
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Chapter 3  
The Synthesis of Dense Silica Particles 
3.1 Introduction 
In this dissertation, silica is mainly used as a matrix or coating material for the 
incorporation of colors and other functionalities. The silica matrix or coating not only 
provides a platform for the integration of different functionalities but also supplies 
protection of functional ingredients from the environment. The effect of protection 
includes two aspects: to protect substances of the environment from entering the matrix 
and prevent the components in the matrix from leaching out. In order to obtain 
maximized protection effect, dense silica is required. The sol-gel process1, which has 
been discussed in Chapter 2, is a commonly used method for preparation of silica 
particles and coating of inorganic materials. However, it is already known that silica 
particles or coatings prepared by sol-gel process are porous1, 2. Generally, dense 
amorphous silica materials are produced by gas phase reaction, such as fume silica, or at 
high temperature, fused quartz, for example2, 3. In the scope of this dissertation, liquid 
phase reaction at relatively low temperature is demanded. Hence, new procedures need to 
be developed for the preparation of dense silica materials.  
The formation mechanism of silica in the presence of water determines the porosity 
of silica synthesized by sol-gel process. When the silica solution is highly supersaturated 
and insufficient solid silica surface is available to permit rapid deposition of soluble 
silica, new small nuclei particles are formed by condensation of monomer and low 
polymers. Silica is also deposited on these until supersaturation is relieved. The formation 
of colloidal silica particles is in this manner. These small colloidal silica particles can 
further be aggregated to form larger particles or gel, both of which are highly porous with 
an extensive internal surface covered with SiOH groups. The deposition of silica from 
water is affected by many factors, such as pH value, temperature, ionic strength, silica 
concentration and so on. By understanding the mechanism for the formation of pores in 
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silica, the preparation of dense silica is possible through the precise control of the silica 
deposition process. Here, several approaches are discussed.  
3.2 Results and Discussion 
3.2.1 Monosilicic Acid Dense Coating Process   
The monocilicic acid dense coating process was first described by Iler in a patent of 
19594. This dense coating process is based on the exposure of particles to an increasing 
concentration of aqueous silica at 90‒100 °C and a pH of around 9‒10. The deposition of 
monomeric silica involves a very different mechanism from the deposition of colloidal 
particles. Silica can be deposited molecularly from supersaturated aqueous solution on a 
solid surface or as colloidal particles remaining in suspension. Monomeric silica forms an 
impervious film. Monosilicic acid condenses with any preexisting solid surface that bears 
OH groups with which it can react. Once a receptive surface is covered, the further 
deposition is silica on silica, and thus a film can build up (Scheme 3-1). 
M
O
OH
M OH
Si
OH
OH
HO OH
M
O
O
M O
Si
OH
OH
+ 2H2O+
 
Scheme 3-1. The deposition of monisilicic acid on metal oxide surface. M refers to 
metal.  
If the receptive solid surface available is insufficient to accept silica rapidly, and if 
the concentration of monosilicic acid is too high (>200‒300 ppm, depending on the pH), 
polymerization occurs with formation first of low polymers and then these low polymers 
further condense to form colloidal particles. These small colloidal particles are generally 
smaller than 5 nm. These particles can further either gelling or forming discrete particles 
of colloidal silica. Both of them are porous and can attach to hydroxylated surfaces, 
forming porous deposits (Figure 3-1). 
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Figure 3-1. The deposition of silica on hydroxylated surface. 
Silica which is deposited monomolecularly is nonporous. However, special 
conditions are required for this to occur. The degree of supersaturation must be sufficient 
for deposition to occur, but must not be so great as to allow the formation of colloidal 
particles. At the beginning, the material that will be coated by silica must be receptive to 
monomeric silica at pH 8‒10 at which the deposition of silica occurs. Hydrophobic 
surface are not receptive, and must be treated to be hydrophilic by adsorption of a 
cationic surfactant or polymer. Negatively charged surface is also not receptive. Higher 
temperature is preferred because it can accelerate the rate of deposition of silica. Sodium 
ions are known to favor the coagulation of colloidal silica particles. Therefore, the 
concentration of sodium ions should be kept low. Hence, low sodium content water glass 
is preferred. The monosilicic acid should be prepared by passing the water glass solution 
through a cationic ion exchange resin to remove the sodium ions. The monosilicic acid 
should be prepared freshly and temperately stored at 0‒5 °C to avoid the 
prepolymerization.   
In order to verify this dense coating process, ZnO nanoparticles were coated by this 
process. ZnO is an amphoteric oxide which can be dissolved by acid. If dense silica 
coating is realized, the ZnO particles will be stable in acid after coating. If the coating is 
porous, the ZnO core will dissolve in acid and form hollow silica structures. Because this 
process has relatively low efficiency, sol-gel process is combined with the dense coating 
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process together. First, the ZnO particles are coated with a layer of silica by Stöber 
method5. By this method, it is easy to get a uniform and reasonably thick coating of 
silica. Then, these core-shell particles are treated with monosilicic acid to get a dense 
silica shell (Scheme 3-2).    
ZnO ZnO ZnO
Stöber 
coating
Dense silica 
coating
Porous silica
H+ Dense silica
 
Scheme 3-2. Schematical illustration of the silica coating process of ZnO particles.  
ZnO nanoparticles which are prepared by forced hydrolysis of zinc nitrate in ethanol 
by NaOH are first coated with silica by Stöber method in ethanol together with ammonia 
and TEOS. After coating, these particles are redispersed in water, and the dense coating 
process is performed. Because ZnO is not stable in basic environment, relatively low 
temperature and pH value are used. The pH value is adjusted to 8.5 by diluted NaOH and 
HCl solution. 
The ZnO particles have a rod morphology (Figure 3-2a). After silica coating by 
Stöber method, a layer of silica with thickness 10~15 nm has been deposit on the 
particles and no bare ZnO particles are observed (Figure 3-2b). However, silica particles 
or coatings obtained by this procedure are porous. Therefore, the ZnO core is dissobled 
when these core-shell particles come into contact with acid (Figure 3-2c). The hollow 
silica structure indicates the porocity of the silica shell. The core-shell particles are 
further treated by the dense silica coating process (Figure 3-2d), the particles resist the 
attack of acid. At pH = 2 solution, the ZnO particles are stable for at least weeks. TEM 
measurements show the ZnO core still remains in acidic aqueous dispersion.  
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Figure 3-2. TEM images of (a) ZnO nanoparticles; (b) ZnO after Stöber coating; (c) 
particles in (b) after the core has been dissovled by acid; and (d) the particles in (b) 
after dense silica coating. 
The particles without the treatment dissolve within hours at the same condition. 
Photoluminescence (PL) of ZnO is employed to monitor the stability of ZnO after dense 
coating. The ZnO particles show photoluminescent emission peak at 370 nm (Figure 3-3). 
With the contact with acid of the particles, the PL intensity will decrease if the ZnO core 
is dissolved. At acidic aqueous solution of pH = 2, the intensity reduced to 80% after one 
day and to around 75% after one week (Figure 3-4). The intensity shows very little 
reduction after the second day, which proves that the silica shell is dense and even 
hydrogen ions cannot penetrate. The initial reduction of photoluminescence intensity 
indicates that no all the particles have been densely coated. Therefore, the cores of these 
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particles are dissolved and after that the photoluminescence intensity has no obvious 
change. 
 
Figure 3-3. Photoluminescence (PL) spectrum of silica coated ZnO particles in 
water at pH = 2. λex = 328 nm. 
 
Figure 3-4. The change of photoluminescence (PL) intensity at 370 nm of dense 
silica coated ZnO particles in water at pH = 2 with time. 
This system is being applied to coat silver halides. Because the surface of silver 
halides is negatively charged (with excess halogen ions), the direct deposit of silica on 
silver halides is not possible. The silver halide particles have to be treated first (by 
polyvinylpyrrolidone, PVP, for example). There are several points have to be considered 
during the application of this system to silver halides. Silver halides decompose rapidly 
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under light. They are also not stable in the solution with high concentration of ammonia 
and OH-1. Therefore, the experiment has to be precisely controlled. If the dense coating is 
successfully realized, photochromic property is expected. 
3.2.2 High Temperature Synthesis 
Another potential approach is the synthesis at high temperature (200‒300 °C). The 
porous matrix can be densified with increased temperature. However, the densification 
generally needs a temperature above 1000 °C, which is impracticable for liquid phase 
synthesis. Therefore, other components such as Bi, B can be doped into silica matrix to 
lower the melting point and glass transition temperature, as in the fabrication of glass. 
However, this procedure is not successful up to now. The doping of silica by Bi, B is not 
realized in aqueous medium.  The rate of deposition is higher at higher temperature. The 
supersaturation at high temperature should be controlled. Therefore, if the nucleation and 
coagulation of colloidal silica particles can be reduced, dense silica will be formed. 
Further studies need to be done for the approach. 
3.3 Summary 
The preparation of dense silica is discussed. Several approaches are proposed. A 
dense coating process combined Stöber method and monosilicic acid deposition process 
is applied to ZnO particles. The compactness of the coating is verified by acid treatment. 
3.4 Experiment  
3.4.1 Synthesis of ZnO Nanoparticles 
First, 1.3 g of Zn(NO3)2·9H2O was dissolved in 200 mL of ethanol and then 8.0 g of 
NaOH was added to the solution. The mixture was stirred for 2 h to dissolve the solid 
completely. The turbid solution was kept at room temperature for one week. Then white 
precipitation was collected by centrifugation and washed with water and ethanol for 
several times. 
3.4.2 Coating of ZnO by Stöber Procedure 
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The obtained ZnO particles were dispersed in 100 mL ethanol. Then 1 mL of 25% 
aqueous ammonia solution and 0.5 mL of TEOS were added with stirring. The mixture 
was kept at room temperature with gentle stirring for 24 h. Then the particles were 
collected by centrifugation and washed with ethanol and water several times. 
3.4.3 Dense Silica Coating  
The ZnO particles after Stöber coating were dispersed in water. The pH value was 
adjusted to 8.5 with dilute NaOH solution. Monosilicic acid (active silica) solution was 
prepared by passing sodium silicate solution (low sodium content is preferred) through a 
column of sulfonic acid type ion-exchange resin (DOWEX® HCR-W2 ion exchange resin, 
hydrogen form) at such a rate to collect an effluent with pH less than 4. The active silica 
is cooled in ice bath and stored temporarily at this temperature to avoid the 
polymerization of monosilicic acid. Active silica solution is added to the dispersion of 
ZnO at 60 °C at a rate around 10g per 1000 m2 ·h-1. The pH value of the system is 
maintained at 8.5 by diluted NaOH and HCl solution.  
3.4.4 Test the Porosity by Acid 
The coated particles were dispersed in pH = 2 HCl aqueous solution (with excess acid) 
with vigorous stirring. After 1 hour, the dispersion was centrifuged. The deposit was 
collected and redispersed in ethanol. TEM measurement was performed. For the 
measurement of photoluminescence, the particles were dispersed in aqueous solution 
with pH = 2. The measurement was done every day under identical conditions. The 
emission intensity at 370 nm was compared.     
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Chapter 4  
Silica Nanoparticles with Surface Bonded Dye Molecules 
and Application on Fibers or Fabrics 
4.1 Introduction 
In this chapter, silica nanoparticles with surface bonded dye molecules will be 
discussed. As mentioned in previous chapters, silica prepared by sol-gel process is porous. 
Pores and channels exist in the silica matrix and he surfaces of the pores and channels are 
accessible to the environment. In the context of this chapter, “surface” not only refers to 
the macroscopic surface of particles but also includes the microscopic surface inside the 
particles. Therefore, dye molecules on the macroscopic surface of the particles and those 
on the microscopic surface inside the particles are located in an identical environment 
(Scheme 4-1). The chemical and physical properties of these dyes should also be similar. 
Hence, both cases will be discussed here.  
 
 
Scheme 4-1. Schematic illustration of dye molecules on the surface of silica particle 
and porous structure inside the particle.  
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4.2 Results and Discussion 
4.2.1 Physical Adsorption 
Coloring the particles by physical adsorption is the most direct and simplest way to 
incorporate dyestuffs in the silica matrix. Positively charged dye molecules are expected 
to have high affinity to the negatively charged silica matrix. Therefore, the dye molecules 
can be introduced on the silica nanoparticles from the reaction solution during the 
formation of silica nanoparticles.  
An example is tris(2,2-bipyridyl)dichlororuthenium(II) hexahydrate (Ru(bpy), see 
structure in Figure 4-1) which is very suitable for this mechanism of coloration.  Ru(bpy) 
is a water soluble cationic dye, which can be added in the process of preparation of silica 
nanoparticles. Because it is soluble in water, Ru(bpy) is applicable for all the methods of 
synthesizing silica nanoparticles which are discussed in Chapter 2. Microemulsion is the 
most suitable technique for physical adsorption of water-soluble dye molecules on silica, 
because the water droplets confine the reaction, which prevents the particles from 
agglomeration and leads to high efficiency of dye loading. After the addition of Ru(bpy) 
to the reaction solution, the positively charged chromophores are adsorbed on the 
negatively charged silica framework through strong electrostatic attraction. Because the 
adsorption neutralizes the surface charge of the particles, the repulsion between particles 
is reduced. Therefore, agglomeration and gelling will occur when high dye 
concentrations are used.   
    
Figure 4-1. Chemical structure of Ru(bpy) and fluorescence microscope image of 
Ru(bpy)-doped silica nanoparticles prepared by microemulsion (ex ≥ 470 nm). 
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Figure 4-1 gives the fluorescence microscope image of Ru(bpy)-doped silica 
nanoparticles. After incorporation in silica particles, the dye still shows strong 
fluorescence. The adsorption of dye molecules has no obvious influence on the 
morphology of the silica nanoparticles. Figure 4-2 gives the typical TEM images of 
Ru(bpy)-doped silica nanoparticles prepared by microemulsion and Stöber procedures. In 
both cases, the morphology and size of the particles have no obvious difference with 
those of the particles prepared without dye. However, from these images, it is very clear 
that these particles form agglomeration and all stick together. In the Stöber synthesis, if 
high concentration of dye is added after the formation of silica nanoparticles, 
precipitation can be observed within a short time.     
 
 
Figure 4-2. TEM images of Ru(bpy)-doped silica nanoparticles prepared by (a) 
microemulsion and (b) Stöber process.  
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Figure 4-3. Bright field TEM image of Ru(bpy)-doped silica nanoparticles and the 
elemental mapping of the particles measured by EFTEM. The bar represents 100 
nm. The particles are prepared by Stöber method and the dye is added after the 
formation of silica particles. 
 
Figure 4-4. Bright field TEM image (a) of Ru(bpy)-doped silica nanoparticles and 
the elemental mapping (b, c) of the particles measured by EFTEM. The particles are 
prepared by Stöber method and the dye is added during the formation of silica 
particles. 
Wang, Hailin|Dissertation 
 _____________________________________________________________________________________  
53 
 
In order to know the distribution of dye molecules on the silica nanoparticles, 
EFTEM was used to obtain the elemental mapping of the particles by means of image 
EELS. Figure 4-3 gives the bright field TEM image and Si-L2,3, C-K and Ru-M mapping 
of Ru(bpy)-doped Stöber silica nanoparticles. It can be clearly observed that the 
concentrations of Ru and C are much higher on the surface of the particles than in the 
particles. This indicates that most dye molecules are adsorbed on the surface of the 
particles rather than distributed evenly throughout the particles. Therefore, if the dye is 
added after the formation of silica particles, most dye molecules will only be adsorbed on 
the surface of the particles. Possibly because of the large size of the dye molecules, the 
penetration to the interior parts of particles is very difficult.  However, if the dye is added 
during the formation of silica particles, the dye molecules distribute throughout the whole 
particles (Figure 4-4). 
The optical properties of the Ru(bpy)-doped silica nanoparticles were also studied. 
Figure 4-5 gives the absorption, fluorescence excitation and emission spectra of pure 
Ru(bpy) and Ru(bpy)-doped silica nanoparticles in water.  The UV-vis absorption spectra 
of free dye molecules and dye-doped silica nanoparticles have a similar broad shape and 
the absorption peak has a slight red shift (450 nm and 453 nm respectively). Like the 
absorption spectra, the fluorescence excitation and emission spectra of the free dye and 
those of the dye-doped silica nanoparticles have no obvious difference regardless of the 
particle size. Generally, the fluorescence emission is very sensitive to the polarity of the 
environment1. Therefore, the change of the emission can indicate the environmental 
differences of the dye molecules. As only slight variation of the fluorescence spectra after 
encapsulation was observed, the local dye environment in the silica matrix which is 
dispersed in water should be similar to aqueous solution. It has been known that silica 
particles prepared by sol-gel process including Stöber silica are very porous2-4. Channels 
and pores are distributed in the solid silica matrix, where certain molecules can penetrate. 
The physical adsorption of dyes occurs on the surface of these pores and channels. The 
solvent can also permeate the silica. Therefore, the environment of Ru(bpy) molecules in 
silica nanoparticles resembles that in water, which results in similar absorption and 
fluorescence spectra. The fluorescence emission is also sensitive to the dye concentration 
as the interactions between the dye molecules might occur. However, in this case, the 
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concentration has no obvious influence on the absorption and fluorescence spectra. Only 
the quenching of the fluorescence was observed in the case of silica nanoparticles doped 
with high concentration of dyestuffs.  
 
Figure 4-5. (a) Absorption, (b) fluorescence excitation (λem = 626 nm) and emission 
(λex = 453 nm) spectra of Ru(bpy) and Ru(bpy)-doped silica nanoparticles prepared 
by microemulsion. The aqueous dispersion of these particles was measured. 
Further studies show that after incorporation into silica, the photostability of Ru(bpy) 
has no obvious improvement. The quantum yield of Ru(bpy) also has no enhancement 
after being adsorbed in the silica matrix.   
Wang, Hailin|Dissertation 
 _____________________________________________________________________________________  
55 
 
Some other dyes, such as fluorescein isothiocyanate (FITC), can also been adsorbed 
on silica. However, the loading efficiency is relatively low. Incorporation of hydrophobic 
organic dyes into the hydrophilic silica matrix is difficult because of the low solubility of 
the dyes in water or ethanol and the limited affinity of the dye molecules to the silica 
matrix.   
4.2.2  Chemical Bonding 
 
Figure 4-6. Chemical modification of organic dyes for sol-gel processing. 
Dye molecules can also be incorporated into silica by the formation of covalent 
bonds. In order to chemically bind dyestuffs on the silica surface, the dye molecules 
generally have to be modified first by silane agents with suitable functional groups. 
Figure 4-6 gives two examples. If the dye contains isothiocyanate groups (FITC, for 
instance), APTES can be used for coupling. If the dye contains carboxylic groups in the 
molecule, 3-glycidoxypropyltrimethoxysilane (GPTMS) can be used for the silylation of 
the dye molecules. For example, FITC can react with APTES to form covalent bonds. 
Then the silylated dyes are accessible to common hydrolysis and condensation reaction 
together with TEOS (Figure 4-7).  
N CR S + Si(OC2H5)3H2N N
H
N
H
R Si(OC2H5)3
APTES
COOH
OOH O
R =
FITC
S
 
Figure 4-7. The reaction of FITC and APTES and fluorescence microscopic image 
of FITC-doped Stöber silica particles (450 nm ≤ ex ≤ 490 nm). 
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Figure 4-8. TEM images of silica nanoparticles with covalently bonded FITC on 
the surface prepared by (a) microemulsion and (b) Stöber method. The bars 
represent 50 nm.  
To ensure that the dye molecules are covalent grafted on the surface but not inside the 
silica matrix, the silylated dye is added to the formed silica particles. The reaction of dye 
with silica only takes place on the surface of the particles. The morphology of the silica 
nanoparticles has no obvious change after incorporation with FITC. Figure 4-8 gives the 
TEM images of silica nanoparticles with covalently bonded FITC on the surface prepared 
by microemulsion and Stöber method. The morphology of these particles is quite similar 
as that of the pure silica nanoparticles prepared using the same procedure. However, 
slightly reduced monodispersity can be noticed. Also less smooth surface of these 
particles can be observed.  By this method, multiple dyes can also be incorporated in the 
silica particles (Figure 4-9).  
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Figure 4-9. Fluorescence microscopy of Stöber silica nanoparticles doped with 
different dyes: (a) Blankophor™ REU (reflector: ex ≥ 365 nm); (b) anthracene-9-
carboxylic acid and FITC (reflector: ex = 450-490 nm); (c) and (d) are the same 
area of one sample doped by FITC and Texas Red ((c), reflector: ex ≥ 365 nm and 
(d) ex ≥ 546 nm respectively).   
The covalent attachment of dyes to silica enables to increase the amount of 
incorporated organic ingredients, reduces dye leaching problems, and in some cases, also 
leads to stabilizing effects. This mechanism can be applied to microemulsion and Stöber 
methods for the preparation of silica nanoparticles. In the first case, the silylated dye 
molecules are dissolved in the oil phase together with TEOS. In the Stöber synthesis, the 
silylated dye is added with TEOS directly into the alcohol solution. The other methods 
discussed in Chapter 2 are all performed in aqueous phase. The silica particles prepared 
by these methods have to be transferred to alcohol, because the silanes used here (APTES 
and GPTMS for example) are quite reactive and ready to polymerize when coming into 
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Figure 4-11. SEM of polyamide treated with FITC-doped silica nanoparticles with 
diameter of 50 nm. 
 
 
 
Figure 4-12. Fluorescence microscope image (ex= 450-490 nm) and FESEM 
images of human hairs treated with 50 nm FITC-doped silica nanoparticles. 
Figure 4-12 gives the fluorescence microscope image and SEM images of human hair 
treated with 50 nm FITC-doped silica nanoparticles. It can be clearly seen from the SEM 
100 µm
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images that these particles are evenly distributed on the hair surface and form a smooth 
monolayer. 
4.4 Summary 
 Colored silica nanoparticles with dye molecules doped on the surface by physical 
adsorption and chemical bonding were prepared. The incorporation of the dyes has no 
apparent influence on the morphology of the particle. However, the stability of the 
particle dispersion is reduced and agglomerates form because of the incorporation.  The 
optical properties of the dyes have no obvious change after incorporation into silica. The 
application of these particles on fibers and fabrics was also discussed. 
4.5 Experimental Section  
The synthesis of pure silica nanoparticles core is described in Chapter 2. All the 
samples with dyestuff were covered with aluminum foil through the process of synthesis 
and storage to protect them from light. 
4.5.1 Synthesis of Dye-Doped Silica Nanoparticles by Physical 
Adsorption 
The Ru(bpy)-doped silica nanoparticles were applied in all the 5 methods described in 
Chapter 2. The procedure for preparing Ru(bpy)-doped silica nanoparticles was the same 
as those for synthesizing pure silica particles except that certain amount of 0.1 M Ru(bpy)  
aqueous solution was added.  
The FITC-doped silica nanoparticles were prepared by the Stöber, amino acid assisted 
and PEO-modified PEOS methods. FITC was dissolved in 25% ammonia aqueous 
solution. The FITC solution was added during the preparation of the silica nanoparticles. 
The particles were isolated by centrifugation after the reaction and then washed with 
water and ethanol to remove unreacted reagents and unloaded dye molecules. Then, the 
purified particles were dispersed in water or ethanol for further characterization and 
experiments.   
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4.5.2 Synthesis of FITC-Doped Silica Nanoparticles by Chemical 
Bonding 
Silylated FITC was prepared by mixing 0.1 mmol of FITC and 0.9 mmol of APTES 
with stirring. The mixture was allowed to react for 24 h. Then, 1 mL of ethanol was 
added to the mixture to form a clear and transparent solution with orange color. Then 
different amounts of this solution were added to the micoemulsion or silica particles 
dispersion in ethanol in the presence of ammonia. The solution was kept under gentle 
stirring for 24 h. Then, the particles were separated by centrifugation and washed with 
water and ethanol to remove unloaded dye molecules until no fluorescence of the dye 
could be detected by fluorescence photometry in the supernatant.  
4.5.3 Dyeing of Textiles 
FITC-doped silica nanoparticles (average diameter: 50 nm, prepared by Stöber 
method) in ethanol slurry (0.08 g/mL) were dispersed for 5 min with the help of an Ultra 
Turrax T18 basic homogenizer (IKA Labortechnik, Staufen). The nanoparticle dispersion 
was diluted with water (1:9 vol) and homogenized by shaking in an incubator (Julabo 
Labortechnik GmbH, Seelbach/D) at 30 °C and 120 rpm/min. A piece of fabric from 
cotton, polyamide, wool or polyester (1 cm × 5 cm) was added and treated in the 
incubator for 1 h at 30 °C. Afterwards, the fabrics were removed from the dispersion, 
rinsed three times with 5 ml water and dried at ambient atmosphere.  
Human hairs were treated in a similar way. A bundle of 20 blond hairs (with 10 cm 
length) were treated in the same solution as described above. 
4.6 References 
1. Lakowicz, J. R., Principles of Fluorescence Spectroscopy. 3th ed.; Springer US: 2006. 
2. Iler, R. K., The Chemistry of Silica: Solubility, Polymerization, Colloid and Surface Properties 
and Biochemistry of Silica. Wiley:New York: 1979. 
3. Szekeres, M.; Toth, J.; Dekany, I., Specific Surface Area of Stoeber Silica Determined by Various 
Experimental Methods. Langmuir 2002, 18 (7), 2678-2685. 
Chapter 4 Dye-Doped Silica Nanoparticles 1 
 
62 
 
4. Bergna, H. E.; Roberts, W. O., Colloidal Silica: Fundamentals and Applications CRC: Boca 
Raton, 2006; Vol. 131. 
 
 
 
 
 63 
 
Chapter 5  
Silica Nanoparticles with Encapsulated Dye Molecules  
5.1 Introduction 
In Chapter 4, dye-doped silica nanoparticles with dye molecules on the surface of 
silica are described. In this chapter, the case that the dye molecules are encapsulated in 
the silica matrix will be discussed. The incorporation of dye molecules into the silica 
matrix can only be realized by chemical bonding. The silylated dye molecules are 
involved in the hydrolysis and condensation of TEOS for the formation of silica 
nanoparticles. After encapsulation, the dye molecules become an integrated part of the 
silica framework. In this case, the dye molecules are sheltered from the environment, 
which is different from the case that the dye molecules are on the surface of silica.  
Therefore, the optical properties are expected to change as the result of the variation of 
the environment. In this chapter, the preparation of fluorescein isothiocyanate (FITC)-
doped silica nanoparticles and their optical properties will be discussed and furthermore 
the incorporation of perylenediimide (PDI) into silica will be considered.  
5.2 FITC-Doped Silica Nanoparticles  
5.2.1 Preparation  
FITC-doped silica nanoparticles were prepared by chemical bonding similar as 
described in Chapter 4, except that the FITC-APTES was added together with TEOS 
during the formation of silica. FITC-doped silica nanoparticles prepared by 
microemulsion and Stöber method will be discussed.   
In the procedure of preparation of silica nanoparticles by Stöber method, certain 
amount of FITC-APTES was added together with TEOS and ammonia to ethanol. The 
final products contain incorporated FITC in the silica matrix. With the increasing 
concentration of FITC, the color of the particles changes from yellow to orange. The 
loading efficiency of FITC on silica is relatively low. Generally, only 10% to 15% of the 
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added FITC was incorporated into silica matrix, which is determined by fluorescence 
photometry.  
Table 5-1. Fluorescence emission maxima of FITC-doped silica nanoparticles 
dispersed in different solvents. 
Particle a Solvent  Emission maxima (nm) 
1 water 521 
ethanol 513 
DMF 535 
2 water 516 
ethanol 518 
  DMF 519 
Note: a Particle 1: dye on the surface; Particle 2: dye inside the particle. 
The dye concentration is estimated to be 0.008 mol% (Particle 1) and 0.011 
mol% (Particle 2) respectively 
In order to verify that the dye molecules are indeed encapsulated in the silica 
framework but not on the surface, the emission spectra of particles with FITC on the 
surface and inside the particles in three different solvents are compared. Because the 
fluorescence emission is very sensitive to the local environment of the dye molecules, 
such as polarity1, the emission peak will shift if the fluorescence is measured in different 
solvents. As shown in Table 5-1, Particle 1, which has the dye rich part on the surface, 
has the emission maximum at 521 nm when measured in water. The emission maximum 
changes to 513 nm in ethanol and to 535 nm in DMF respectively. An obvious red shift 
occurs. The emission maxima of Particle 2, which contains the dye inside the silica 
particle, are almost the same in the three solvents. Therefore, in the case of Particle 1, the 
dye molecules have direct contact with the solvent. The solvent, however, cannot reach 
the dye in Particle 2.       
Different FITC-doped silica nanoparticles were prepared for the study of the 
influence of the encapsulation on the optical properties. Four examples are shown here: 
20 nm and 50 nm silica particles with low and high concentration of dye molecules. The 
amount of reactants used is listed in Table 5-2. The concentrations of TEOS, ammonia 
and ethanol are the same as those in the Table 2-1 of the recipe for the preparation of 20 
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nm and 50 nm silica nanoparticles. The amount of FITC used is 0.05 mol% and 0.5 mol% 
of TEOS respectively. The molar ratio of APTES to FITC is 9:1. Excess amount of 
APTES is used to ensure high coupling efficiency.  
Table 5-2. The sample specifications of the FITC-doped Stöber silica nanoparticles. 
Sample 
TEOS Ammonia Water APTES FITC Sizea 
mol/L mol/L mol/L mmol/L mmol/L nm 
S1 0.32 0.48 1.35 1.44 0.16 21 
S2 0.32 0.48 1.35 14.4 1.60 30 
S3 0.14 0.62 1.75 0.25 0.028 51 
S4 0.14 0.62 1.75 2.52 0.28 58 
Note: a Mean diameter, determined by TEM. 
Figure 5-1 shows the corresponding TEM images of the four samples listed in Table 
5-2. It can be seen that at low dye concentrations the particles are slightly larger without 
other obvious difference. However, at high dye concentration, the particles are much 
larger and become less spherical. And large agglomerations also appear. Hence, the 
amount of APTES has great impact on the size of the particles. When APTES is involved 
in the formation of silica framework, the particles become less stable and less dense. 
Therefore, the particles intend to grow larger. 
 The preparation of FITC-doped silica nanoparticles in microemulsion is similar as 
the synthesis by Stöber method. The loading efficiency (12%–20%) is slightly higher 
than in the case of Stöber method. Experiments show that lower w0 (or for larger particles, 
see Chapter 2) results higher loading efficiency possibly because the smaller water 
droplets can reduce the distance between the dye and silica which facilates the reaction. 
Figure 5-2 gives the TEM images of the FITC-doped silica nanoparticles prepared by 
microemulsion. In can be observed that with increasing concentration of APTES the 
particles become larger and less monodisperse, though this effect is found not as 
profound as in Stöber synthesis. Because the reaction in microemulsion system is 
confined in water droplets, the growth of the silica and the encapsulation of dye 
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molecules occur in a limited space. Accordingly, the loading efficiency will be enhanced 
and the agglomeration will be reduced. 
 
Figure 5-1. TEM images of FITC-doped silica nanoparticles (a) S1, (b) S2, (c) S3 
and (d) S4. The bars represent 50 nm. (See Table 5-2 for the details of S1‒4). 
 
Figure 5-2. TEM images of FITC-doped silica nanoparticles prepared by 
microemulsion with FITC (a) 0.05 mol% and (b) 0.5 mol% of TEOS. 
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5.2.2 Spectroscopic Properties 
  
 
Figure 5-3. Absorption (a) and fluorescence emission (b) spectra of APTES-FITC 
and FITC-doped silica nanoparticles in water (see Table 5-2 for the detail of S1‒4). 
The fluorescence emission was measured after excitation at wavelength 490 nm.  
The absorption and fluorescence spectra of the FITC-doped silica nanoparticles in 
water are shown in Figure 5-3. The spectral properties of FITC-labeled silica 
nanoparticles are similar to those of free APTES-FITC in water except that different 
degree’s red shifts can be observed. The maxima of the absorption and fluorescence 
emission are listed in Table 5-3. The absorption maxima of the silica particles with lower 
dye concentration (S1 and S3) have a slight red shift.  In the case of particles with higher 
concentration of FITC (S2 and S4), a red shift of around 10 nm was observed. The 
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fluorescence emission spectra have a similar change pattern. The emission maxima have 
a slight red shift at low dye concentration and a red shift of around 10 nm at high dye 
concentration regardless of the size of the particles. However, the Stokes shift which is 
the difference between absorption and emission maxima remains constant at around 25 
nm.  
Table 5-3. Absorption and fluorescence emission maxima of FITC-doped silica 
nanoparticles (see Table 5-2 for the detail of S1‒4). 
 APTES-FITC S1 S2 S3 S4 
abs (nm) 490 492 499 493 502 
em (nm)a 515 516 524 518 526 
Note: a after excitation at 490 nm. 
The red shift may be caused by the changes in the environment of the dye molecules, 
such as changes in polarity or polarizability. With the increase of the dye concentration, 
the number of dye molecules in every silica particles will also increase, which leads to 
the interactions between neighboring molecules. This lowers the excited state energy and 
produces a red shift in the spectra. The interaction of the molecules also causes obvious 
self-quenching.   
5.2.3 Photobleaching 
The photobleaching curves of free APTES-FITC dye and FITC-doped silica 
nanoparticles are presented in Figure 5-4. All the samples show a single exponential 
decay which is known for FTIC solutions2. All four samples of FITC-doped silica 
nanoparticles have lower rate of photobleaching than that of the free APTES-FITC. The 
concentration of the dye has a great impact on the photobleaching. At high concentrations 
of FITC, the bleaching rate is considerably reduced. However, the size of the particles 
has no significant influence on the photostability.  
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Figure 5-4. Photobleaching profile of APTES-FITC and FITC doped silica 
nanoparticles (see Table 5-2 for the detail of S1‒4). Samples were continuously 
illuminated and examined under a fluorescence microscope. Images were acquired 
every 10 seconds. For each sample, three data sets, representing different fields of 
view were averaged and then normalized to the same initial fluorescence intensity 
value to facilitate comparison. 
Increasing the concentration of FITC in silica nanoparticles can improve the 
photostability. The reason is not clear yet, but the interaction between neighboring dye 
molecules might play a role. At high dye concentrations, the fluorescence is self-
quenched due to the energy transfer between dye molecules. By energy transfer, the 
molecules in the excited state, which are sensitive to bleaching, decrease quickly. 
Consequently, the photobleaching becomes much slower3.    
5.2.4 Quantum Yield 
In the case of silica particles loaded with high concentration of dye, the quantum 
yield will be reduced because of self-quenching. In order to study the influence of 
encapsulation of dye molecules into the silica matrix on the quantum yields, FITC-doped 
silica nanoparticles with very low FITC concentration (0.005 mol% of TEOS) was used 
to minimize the interaction between dye molecules.  The quantum yield of the FITC 
doped silica nanoparticles was measured to be 0.61 in water, which is 2.1 times higher 
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than the quantum yield of APTES-FITC in water (0.29). It is already known that the 
encapsulation of fluorescent dyes into the silica matrix can increase the radiative rate and 
reduce the nonradiative rate4. Accordingly, the quantum yield will also be enhanced. The 
incorporated dye molecules exist in the cavities surrounded by silica matrix. This 
configuration might be responsible for the enhancement of the radiative rate. The silica 
matrix is a rigid framework. Therefore, the mobility of the dye molecules is reduced. 
Conformation changes and relaxation are also hindered, leading to less nonradiative rate 
and accordingly resulting in enhanced fluorescence emission.       
5.3   PDI-Doped Silica Nanoparticles 
Perylenetetracarboxylic diimide (PDI) derivatives are an important class of n-type 
semiconductors exhibiting relatively high electron affinity4-6. Furthermore, they also 
show high photostability, chemical, and thermal stability5. This rather unique 
combination of properties makes them have numerous potential applications in electronic 
and optoelectronic devices, such as in xerography6 and dye-sensitized solar cell7. The 
ability to arrange interactive organic molecules and inorganic nanostructures to 
increasingly larger arrays is a critical step in designing bottom-up electronic and 
optoelectronic devices. Among numbers of available techniques, self-assembly in 
solutions is a practical method to achieve ordered architectures from functional building 
blocks8-10. The self-organization of PDI derivatives in solution holds strong interest for 
the present research on PDI11-13, especially on unsymmetrical substituted PDI14-17. Up to 
now, the self-assembly of PDI into nanobelts14, hollow vesicles15, nanofibers16-18 and 
microtubes19 has been reported.  
In this section, the incorporation of PDI into silica matrix will be discussed. Several 
strategies have been developed to synthesize PDI-doped silica nanoparticles with 
different morphologies and structures. First, the PDI-doped silica spherical particles are 
discussed. Then a convenient liquid-phase method that fabricates silica encapsulated PDI 
nanoellipsoids with core-shell structures is presented.  
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5.3.1 PDI-Doped Silica Spherical Particles 
 
Scheme 5-1. Two strategies for the synthesis of PDI: (a) silylated PDI; (b) PDI 
synthesized in water. 
The precursor of PDI used here is 3,4,9,10-perylenetetracarboxylic dianhydride, 
which reacts with APTES at 130 C to form bis(propyl)triethoxysilane substituted PDI 
(PDI-APTES, Scheme 5-1a). This compound can be dissolved in some organic solvents 
like cyclohexane, acetone and hexane. Then, the substituted PDI solution in acetone was 
introduced to the Stöber procedure, and then it was covalently bound within the silica 
matrix.  
 
Figure 5-5. TEM image of PDI doped silica nanoparticles prepared by Stöber 
method. The bar represents 50 nm. 
The TEM image of 50 nm PDI-doped Stöber silica nanoparticles is given in Figure 
5-5. These spherical particles have no obvious difference compared with pure silica 
particles prepared under the same condition. Because much less APTES is used in the 
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preparation of PDI-doped silica nanoparticles than in FITC-doped silica nanoparticles, 
denser and regular particles are expected. 
The PDI-doped silica particles have a color from pink to light red depending on the 
dye concentration. Because of the relatively low solubility of PDI-APTES in ethanol, the 
concentration of PDI in silica which can be prepared is very limited. Figure 5-6 gives the 
absorption and fluorescence emission spectra of PDI-APTES and PDI-doped silica 
nanoparticles in water. The shape of the spectra of PDI is almost the same before and 
after encapsulation. A slight red shift and broadening of the spectra can be observed in 
the case of the encapsulated PDI.  
 
 
 
Figure 5-6. Absorption (a) and fluorescence emission (b) spectra of PDI-APTES 
and PDI-doped silica nanoparticles in water. λex = 480 nm.   
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The other strategy is based on the hydrolysis of perylenetetracarboxylic dianhydride 
in aqueous NaOH solution. This solution acts as water phase in the microemulsion 
system for synthesizing silica particles and reacts with the presence of ammonia under 
heating condition to form PDI (Scheme 5-1b). Then, TEOS was introduced to realize 
coating of PDI with silica nanoparticles. 
5.3.2 Silica Encapsulated PDI Core-Shell Nanoelliposoid 
  Synthesis of Silica-Coated PDI Nanoellipsoids 
Si NH2
C2H5O
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Scheme 5-2. Schematic illustration of the synthesis of silica encapsulated PDI 
nanoellipsoid. 
The synthetic strategy is outlined in Scheme 5-2. Perylene-3,4,9,10-tetracarboxylic 
acid dianhydride (1) is used as the precursor for PDI. After 1 is hydrolyzed in KOH 
aqueous solution, perylene-3,4,9,10-tetracarboxylic acid monoanhydride monopotassium 
(2) is obtained20. In a typical procedure, 2×10-5 mol potassium salt 2 was dissolved in 1.8 
mL 25% ammonia aqueous solution, and a transparent orange solution (I) with strong 
green fluorescence was formed (Figure 5-7, I). The solution was then added to 18 mL 
ethanol with vigorous stirring. The perylene salt is insoluble in ethanol and precipitates 
from the solution to form a yellow dispersion (II) (Figure 5-7, II). Afterwards, 1 mmol 
TEOS and 0.25 mmol APTES (3) were added as precursors of silica. This dispersion was 
kept for 12 hours under gentle stirring for the growth of silica shell on the perylene core. 
The color of the dispersion changed slightly from yellow to orange. In order to stabilizer 
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the perylene in silica PDI, the particles were transferred to diethylene glycol (DEG) 
which has a much higher boiling point (245 °C) than ethanol, and the solution was heated 
at 130 ˚C for 3 hours. The amino group of APTES will react with perylene salt to produce 
silsesquioxane substituted PDI (4)19. Therefore, the perylene is converted to PDI after 
being incorporated in the silica matrix. During this step, the color changed quickly from 
orange to dark red upon heating (Figure 5-7, III). After cooling to room temperature, the 
solid was separated from the dispersion by centrifugation and washed with ethanol and 
water. No color and fluorescence were observed in the supernatant. The product can be 
well dispersed in water and ethanol.  
 
Figure 5-7. Photograph of 2 in aqueous ammonia solution (I), the dispersion 
formed by addition of I into ethanol (II) and the ethanol dispersion of final product 
(III). 
Morphology of Composite Particles 
FESEM and TEM were used to study the morphology of the product. The FESEM and 
TEM (Figure 5-8a and b) images show that almost all of the particles have ellipsoidal 
shape. These particle length and width vary from 80 to 400 nm and from 40 to 60 nm 
respectively. The surface of the particles is not very smooth. The TEM images reveal that 
all particles have an inhomogeneous composition. Figure 5-8c and d depict the FESEM 
and TEM image of the same particle. The outer layer of the particle shows different 
contrast compared with the center of the particle, which indicates that the particle has 
core-shell structure. The particle should be composed by a less dense core and a 20‒50 
nm thick shell made of relatively denser material.  
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Figure 5-8. FESEM (a) and TEM (b) image of the particles; and the observation of 
one single particle by FESEM under SEM (c) and TEM (d) mode respectively.    
 
Figure 5-9. Bright field TEM image of one single silica encapsulated PDI particle 
(A) and the elemental maps of the same particle: (B) C-K elemental map, (C) Si-L2,3 
elemental map. The bar represents 50 nm. 
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 To investigate the internal structure of the particles, EFTEM was employed for 
image EELS measurement, which provides information on the localized elemental 
distribution with very high resolution21. Figure 5-9 depicts the C-K elemental map and Si-
L2,3 elemental map of one particle. It is clear that silicon is mainly located in the outer 
layer of the particle while the center contains a much higher concentration of carbon. 
This confirms the core-shell structure of the particle.  
 
Figure 5-10. FTIR spectrum of the silica encapsulated PDI particles. 
The FTIR spectrum is given in Figure 5-10. As a comparison, the spectra of silica and 
PDI are also presented.  The peaks at 1696, 1656 and 1596 cm-1 indicate the presence of 
imide groups. The strong peak at 1074 cm-1 confirms the existence of silica. Therefore, it 
can be concluded that the particle is composed of a layer of silica outside and PDI core 
inside (Figure 5-11). Thus, the contrast difference of the particle’s different parts on TEM 
images can also be explained because silica gives higher contrast than PDI on bright field 
TEM image. Because APTES is condensed together with TEOS to form silica, carbon 
also exists in the outer layer, but with a much lower concentration than in the center. 
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Figure 5-11. Schematic illustration of the structure of the silica encapsulated PDI 
nanoellipsoid. 
Optical Properties of Composite Particles 
The absorption and fluorescence emission spectra were used to monitor the process of 
PDI self-assembly. The dilute solution of perylene salts 2 in water shows strong green 
fluorescence with emission maxima at em = 479 nm and em = 510 nm (Figure 5-12). 
Upon addition of ethanol to the solution, an absorption band appears at around 525 nm, 
which indicates the - stacking state of molecules5, 14. After heating, the absorption 
below 525 nm was strongly decreased and the absorption at longer wavelength was 
enhanced (Figure 5-12A) because of the formation of extended - stacking aggregates.  
The green emission (ex = 482 nm and 510 nm) of dispersion II (Figure 5-12B b) 
indicates the unorganized state of the molecules when the aggregates are initially formed. 
The final product (Figure 5-12 c), however, has red emission (em = 633 nm), which is 
well-known for -stacked PDI22. The large red shift in emission suggests a highly ordered 
state and strong intermolecular interaction22.   
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Figure 5-12. Absorption (A) and fluorescence emission (B) spectra of dilute 
aqueous solution I (a), the dispersion II in ethanol formed by adding the solution I 
to ethanol (b) and the ethanol dispersion of the final product of silica encapsulated 
PDI particles (c).  The excitation wavelength is 465 nm (a), 470 nm (b) and 486 nm 
(c) respectively. The emission spectrum of c is only shown from 550 nm because 
the scattering light from the silica coated particles is too strong. 
 
Figure 5-13. Fluorescence emission spectra of silica encapsulated PDI particles 
dispersed in ethanol (a: excited at 486 nm), water (b: excited at 491 nm) and 
octadecyl-modified silica encapsulated PDI particles dispersed in toluene (c: excited 
at 472 nm). 
As fluorescence emission spectra are sensitive to the solvent polarity1,  the 
fluorescence of the prepared silica coated PDI particles in different solvents was also 
studied to evaluate the encapsulation effect of the silica shell. The results (Figure 5-13) 
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show that the emission at around 630 nm has no obvious shift in polar solvents (ethanol 
and water) and nonpolar solvents (toluene, after the particles have been hydrophobized 
by octadecyl group). This suggests that the PDI is in similar environments when the 
particles are dispersed in water, ethanol and toluene, which indicates the PDI has no 
direct contact with the solvents. Therefore, the silica shell provides a quite good 
protection for the PDI core. 
Influence of Reaction Parameters on Particle Size and Morphology 
The nature of PDI is critical for the formation of the core-shell structure in present 
system. The reaction mixture contains ethanol, ammonia and TEOS, which is similar to 
the Stöber system for the preparation of monodisperse spherical silica nanoparticles23. 
However, in the synthesis studied here, almost all the particles have core-shell structures, 
and no pure silica or PDI were found. This implies strong interaction between silica and 
PDI. When the aqueous ammonia solution of perylene slats 2 is added to ethanol, the salt 
precipitates from the solution and forms aggregates because of their low solubility in 
ethanol. These aggregates have ellipsoidal shape (Figure 5-14). It is known that perylene 
derivatives have relative high electron affinity6, 24. Therefore, the concentration of OH- 
might be higher around the aggregates. The OH- ion is the catalyst for the hydrolyzation 
and condensation of TEOS and APTES25. Also considering the hydrogen bonding 
between the silanol groups and PDI, the nucleation and growth of silica may be 
preferable on the surface of PDI aggregates. The deposition of silica on the surface of 
PDI prevents the PDI aggregates from growing larger. Upon addition of TEOS and 
APTES, the morphology of the particle does not change obviously except that layer of 
silica grows uniformly outside the aggregates.  
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Figure 5-14. PDI particles before the addition of TEOS. The bar represents 250 nm.  
    
Figure 5-15.  TEM images of silica coated PDI prepared at ammnia concentration 
of (a) 0.33 M and (b) 0.67 in typical synthetic procedure. The bars represent 250 nm.  
 
Figure 5-16. TEM (a) and FESEM (b) images of silica coated PDI particles 
prepared at high ammonia concentration (2.0 M). The bar in TEM image represents 
250 nm. 
Wang, Hailin|Dissertation 
 _____________________________________________________________________________________  
81 
 
The concentration of ammonia has a significant impact on the morphology and 
structure of the silica coated PDI particles. On the one hand, the precursor of PDI is 
dissolved in ammonia solution. The concentration of ammonia has influence on the 
precipitation of PDI in ethanol. On the other hand, as in Stöber synthesis, the ammonia is 
the catalyst which controls the hydrolysis and condensation of TEOS and ultimately the 
size of the particles. In the typical synthesis procedure discussed above, an optimized 
ammonia concentration of 1.2 M is used. If the ammonia concentration is as low as 0.33 
M, no PDI-silica core-shell particles can be prepared. Only irregular PDI aggregates and 
separate silica structures were observed (Figure 5-15a). When the concentration of 
ammonia increases to 0.67 M, silica coated PDI ellipsoids were obtained but with thinner 
silica shell and isolated silica nanoparticles were also observed (Figure 5-15b). When 
ammonia concentration reaches 2.0 M, silica coated PDI ellipsoids were prepared and no 
isolated silica particles could be observed (Figure 5-16). However, the appearance of the 
shell is quite different from that of particles prepared in the typical procedure. The 
surface of the shell is very rough and fluctuant. Hemispherical structures can be observed 
on many parts of the shell.  
At low ammonia concentration, like in Stöber synthesis, more silica nuclei form and 
the reaction is slower. And maybe also the surface of PDI has not so high affinity to silica. 
Therefore, the formation of silica will not be limited on the PDI surface. Ultimately, free 
silica particles appear and thinner shell is obtained. When the ammonia concentration is 
too low, there is not enough ammonia for the formation of stable primary silica particles 
and consequently no core-shell structure will be prepared. At high ammonia 
concentration, the formation of silica is faster. And the PDI surface has higher affinity to 
silica. Hence, the deposit of silica on the PDI surface is so rapid that the silica intends to 
form spheres on the surface similar as in the Stöber synthesis. That is why surfaces with 
many hemispheres are observed.  
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Figure 5-17. The variation of the silica shell thickness with TEOS concentration 
(the insets are the TEM images of corresponding particles, scale bars 50 nm) 
 
Figure 5-18. TEM (a) and FESEM (b) images of silica coated PDI particles 
prepared at high TEOS concentration (0.2 M). The bar in TEM image represents 
250 nm.   
The concentration of TEOS in reaction mixture has less influence on the morphology 
of the formation of core-shell particles compared to ammonia. However, the thickness of 
the shell can be controlled by the TEOS concentration. In a certain range, the thickness of 
the shell increases with increase of the TEOS concentration (Figure 5-17). As the TEOS 
concentration increasing from 10 mM to 80 mM, the shell thickness of the obtained silica 
coated PDI particles increases from around 10 nm to 50 nm. When the concentration of 
TEOS is greater than 0.1 M, isolated silica spherical particles will appear (Figure 5-18). 
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In the case of high concentration of TEOS, the concentration of silicic acid in the system 
becomes so high that the nucleation is very fast. Therefore, the PDI surface cannot 
provide enough area for the nucleation and growth of silica. Hence, spherical silica 
nanoparticles also form beside the silica shell on PDI.  However, thicker silica shell still 
can be prepared by adding TEOS in a step-by-step manner. 
 
Figure 5-19. TEM (a, c) and FESEM (b, d) images of silica coated PDI rods (a, b) 
and the PDI rod before silica coating (c, d). The bars in TEM images represent 250 
nm. 
Due to the fact that PDI nanoparticles after precipitation step continue growing in 
solution, the delayed addition of silica precursors TEOS and APTES, led to the formation 
of core-shell particles with different morphologies. For example, if TEOS and APTES 
were added after 1 hour when the solution of perylene salt 2 was added to ethanol, the 
PDI particles became larger and exhibited rod-like shape. The resulting core-shell particle 
also has similar rod morphology (Figure 5-19). If the solution was kept at 60 °C before 
the addition of TEOS and APTES for 1 hour, then nanosheets with hexagonal shape can 
be prepared (Figure 5-20).  If the reaction was kept standing without stirring, the 
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aggregates grew longer to ribbon-like morphology, and tube-like core-shell particles were 
obtained (Figure 5-21).  
 
Figure 5-20. FESEM (a, c) and TEM (b, d) images of the silica coated PDI particles 
with hexagonal shape; (e) and (f) show the PDI particle before the silica coating. 
The bar represents 100 nm.  
 
Figure 5-21. TEM (a) and (b) FESEM images of silica coated PDI tubular structure. 
The inset in TEM image is the corresponding PDI before silica coating. The bar in 
TEM image represents 250 nm. 
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Thermal Stability of Composite Particles 
 
Figure 5-22. TGA curves of silica coated PDI nanoellipsoid (PDI@silica) and 
bis(propyl) triethoxysilane perylenediimide (PDI-BPTES) under nitrogen 
atmosphere and 10 K/min hearting rate.  
Perylene pigments are known to be thermally stable. However, in some applications 
higher temperatures are required especially during incorporation of pigments in polymer 
blends by melt extrusion. In order to investigate the influence of silica coating on the 
thermal stability of PDI, we studied the thermal decomposition of the prepared silica 
coated PDI nanoellipsoids by thermogravimetric analysis (TGA). As an comparison, 
bis(propyl) triethoxysilane perylenediimide (5, PDI-BPTES, Figure 5-22) was also 
studied which has the structure of non-cross-linked PDI parts in silica coated PDI 
particles. The TGA curves are shown in Figure 5-22. The decomposition of PDI is 
considered to be first initiated with the degradation of alkyl substituents. Generally, the 
longer alkyl and branched alkyl substituted compounds show lower decomposition 
temperatures26. In this study, the decomposition rate of PDI@silica is much slower than 
the PDI-BPTES. The onset temperature of thermal decomposition is 432 °C for PDI-
BPTES and 495 °C for PDI@silica. Obviously, the thermal stability of PDI can be 
significantly improved by the silica coating and cross-linking. 
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Photostability of Composite Particles 
To study the influence of silica shell on the photostability of PDI, the photobleaching 
of PDI fluorescence under continuous irradiation was investigated. After 90 minutes of 
illumination by Xe lamp, the fluorescence intensity of silica encapsulated PDI particles 
drops to around 88% of the initial intensity. As comparison, the value for PDI-BPTES is 
71% (Figure 5-23). This implies that the existence of silica shell protects the PDI from 
quenchers such as oxygen and improves the photostability.      
 
Figure 5-23. Photobleachng profile of PDI@silica particles and PDI-BPTES 
obtained by continuous illumination of the sample under a fluorescence microscope 
equipped with a Xe lamp using a filter λex ≥ 470 nm and λem ≥ 500 nm.  
 Incorporation of Composite Particles in Polymer Films  
The deposition of silica shell on the surface of PDI nanoellipsoids prevents the 
composite particles from forming large aggregates and improves the dispersibility in 
different media. This is a big advantage for the preparation of stable PDI dispersions or 
composite polymer films filled with PDI. After the PDI is coated with silica, the 
dispersibility of pigments only related to the interface chemistry of silica rather than to 
PDI itself. As the surface chemistry of silica has been thoroughly studied and can be 
finely tuned, the dispersibility of silica coated PDI particles can also be controlled in 
order to suit to different matrices.  
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Figure 5-24. Dark field optical microscope images of PVP film colored by silica 
coated PDI (a and c) and PDI without silica coating (b and d) dispersed in ethanol (a 
and b) and water (c and d). 
Here, as a simple example to verify the performance of the core-shell PDI 
nanoellipsoids, we prepared poly(vinylpyrrolidone) (PVP) films containing PDI particles 
with or without silica shell. Figure 5-24 (a and c) gives the dark field optical microscope 
images of the PVP films prepared by PVP ethanol and water solution respectively. The 
PDI particles are dispersed in PVP solutions. The bright dots in the images are the PDI 
particles. For both films prepared in ethanol and water, the silica coated PDI particles are 
almost homogeneously distributed throughout the whole film and no large aggregates can 
be found. The absorption and fluorescence emission spectra of the PVP film containing 
silica encapsulated PDI particles are also recorded (Figure 5-25) which are quite similar 
with the spectra of particles in ethanol dispersion (Figure 5-13). This also indicates that 
these particles are well dispersed in the PVP films.   
For comparison, we also used PDI particles without silica shell which are prepared by 
the same procedure as silica coated PDI particles but without the use of TEOS and 
APTES. The results show that these particles form large aggregates and agglomerates in 
the film rather than distribute homogeneously (Figure 5-24 b and d).   
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Figure 5-25. Absorption and fluorescence emission spectra of PVP film with 
incorporated silica coated PDI particles.  
5.4 Summary 
In this chapter, the encapsulation of dye molecules inside the silica matrix is discussed. 
Unlike the binding of dyes on the silica surface which is discussed in Chapter 4, the 
optical properties of the dyes are changed after encapsulation. In the case of FITC, the 
shape of the adsorption and fluorescence emission spectra has no obvious change expect 
red shift has been observed. The photostability has been improved and the quantum yield 
has also been enhanced.    
 The incorporation of PDI into the silica matrix has also been studied. Several 
strategies have been developed to prepare PDI-doped silica particles with different 
structure and morphologies. Beside spherical particles, silica coated PDI core-shell 
nanoellipsoid was synthesized. The structure and composition of the particle was proved 
by FTIR and image EELS. The absorption and fluorescence spectra show strong - 
stacking of the PDI molecules. The morphology of the particle can be controlled through 
varying the experimental conditions. The mechanism of the self-assembly was discussed. 
The silica coating can significantly improve the thermal stability of PDI and the 
dispersibility of the PDI particles in polymer films.  This relatively easy procedure 
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provides an alternative route to core-shell structure and self-assembly of organic and 
inorganic nanocomposite.   
5.5 Experimental Section 
All the samples containing dyestuffs were sheltered by aluminum foil to protect the 
samples from light.  
5.5.1 Preparation of Silylated FITC 
A portion of 0.0357 g (0.0917 mmol) of FITC was mixed with 0.1827 g (0.8252 
mmol) of APTES. The reactants were allowed to react for 24 hours under stirring in a 
dried flask. The resulting slurry was dissolved in 1.30 mL of absolute ethanol, producing 
a clear solution.  
5.5.2 Preparation of FITC-Doped Silica Nanoparticles 
A portion of 10‒500µL ethanol solution of the silylated FITC (Section 5.5.1 above) 
was added in Stöber or microemulsion silica preparation procedure, together with TEOS.  
The mixtures were allowed to react to completion under moderate stirring at room 
temperature for 24 hours. The particles were washed with ethanol and water to remove 
excess FITC, APTES and TEOS. Yellow or orange particles were obtained. 
5.5.3 Determination of the Labeling Efficiency and Concentration of 
Dye Molecules on Silica Particles 
The particles were washed wish ethanol until no fluorescence was detected in the 
supernatant. Then, the particles were dissolved in 0.3 M NaOH solution to make the 
FITC release from the silica. After 5 hours, the fluorescent intensity was measure and 
compared with a FITC solution with known concentration. Then, the FITC concentration 
on the silica particles was calculated. 
5.5.4 Photobleaching Measurement  
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Samples of APTES-FITC and FITC doped silica nanoparticles were continuously 
irradiated and examined by a fluorescence microscope. Images were acquired every 10 
seconds. The images were analyzed by the software ImageJ to obtain the intensity of the 
fluorescence. For each sample, three data sets, representing different fields of view were 
averaged and then normalized to the same initial fluorescence intensity value to facilitate 
comparison. 
5.5.5 Quantum Yield Measurement 
Particles with very low FITC concentration (10 µL APTES-FITC was used in Section 
5.5.1 above) was used for quantum yield measurement. The quantum yield was measured 
on a HORIBA Jobin Yvon FluoroMax®-4 fluorescence photometer using an F-3018 
integrating sphere. 
5.5.6 Synthesis of Bis(propyl) Triethoxysilane Perylenediimide 
A mixture of 0.392 g (1 mmol) of 3, 4, 9, 10-perylenetetracaboxylic dianhydride and 
1ml APTES was added into a flask. The flask was repeatedly evacuated and flushed with 
nitrogen. The mixture was stirred for 5 min, then heated to 130 ºC and held for 3h. After 
cooling to room temperature, the mixture was washed with hexane to remove excess 
APTES. Then acetone was used to extract the residues. The solvent was evaporated and 
the product was collected to give red powder of bis(propyl) triethoxysilane 
perylenediimide. 1H NMR (400MHz, CDCl3, TMS, δH, ppm): 8.42 (4H, d, Ar‒H), 8.24 
(4H, d, Ar‒H), 4.18 (4H, t, N‒CH2), 3.84 (12H, q, O‒CH2), 1.87 (4H, m, N‒CH2CH2), 
1.25 (18H, t, O‒CH2CH3), 0.78 (4H, t, Si‒CH2). 13C NMR: (100 MHz, CDCl3, TMS, δC, 
ppm): 163.97 (C=O), 134.00, 130.96, 128.92, 125.85, 123.10, 122.71, 58.47 (OCH2), 
43.72 (N‒CH2), 21.43 (N‒CH2CH2), 18.34 (OCH2CH3), 8.08 (Si‒CH2). FTIR (KBr, 
max ,cm-1): 3434, 2972 (‒CH3), 2926 (‒CH2‒), 2883 (‒CH2‒), 1696 (‒CO‒N‒CO‒), 1656 
(‒CO‒N‒CO‒), 1595 (Ar), 1578 (Ar), 1344, 1102, 1077, 1018 (Si‒C), 810 (Si‒C), 745 
(‒(CH2)3‒).  
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A portion of 1‒10 mL of concentrated bis(propyl) triethoxysilane perylenediimide 
solution in acetone (~0.02 M) was used in the Stöber silica preparation to obtain PDI 
doped silica nanoparticles.  
5.5.7 Synthesis of 3,4,9,10-Perylenetetracarboxylic Acid 
A mixture of 3.92 g of 3,4,9,10-perylenetetracaboxylic dianhydride (0.01 mol) and 
1.6 g of NaOH (0.04 mol) in 250 ml water was refluxed for 3 hours. The red solid turned 
to yellow and green fluorescence can be seen from the solution. After cooling to room 
temperature, the mixture was filtered. The filtrate solution was acidified with dilute HCl, 
and red powder was precipitated. The powder was collected and dried. FTIR (KBr, 
max ,cm-1): 3435, 2972 (‒COOH), 2876, 2649, 2532 (‒COOH), 1690 (Ar‒COOH), 1592 
(Ar), 1298, 1024, 853, 806. 
This compound can be dissolved in ammonia and NaOH solution. This solution was 
used in Stöber or microemulsion silica preparation procedure. During the reaction, the 
mixture was refluxed for 2 hours. In the case of microemulsion, some high boiling point 
oil (octane, for example) was used instead of cyclohexane. Then the 3,4,9,10-
perylenetetracarboxylic acid was transformed to 3, 4, 9, 10-perylenetetracaboxylic 
diimide in the presence of ammonia. 
5.5.8 Synthesis of Perylene-3,4,9,10-tetracarboxylic Acid 
Monoanhydride Monopotassium  
A mixture of 3.92 g of 3,4,9,10-perylenetetracaboxylic dianhydride (0.01 mol) and 
5.0 g of KOH (0.09 mol) in 100 ml water was heated to 90°C and kept at this temperature  
for 4 hours. The red solid was hydrolyzed and dissolved in water gradually. The solution 
turns to orange with green fluorescence. The solution was filtered to remove unreacted 
solids and adjust the pH to 0.8 with HCl solution. Red precipitate appeared. The red solid 
was filtered and washed with water. Then the product was dried at 60 °C. 
5.5.9 Synthesis of Silica Coated PDI Core-Shell Nanoellipsoid 
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In a typical procedure 2×10-5 mol perylene-3,4,9,10-tetracarboxylic acid 
monoanhydride monopotassium was dissolved in 1.8 mL 25% ammonia aqueous solution. 
A transparent orange solution with strong green fluorescence was formed. This solution 
was added to 18 mL ethanol with vigorous stirring. Afterwards, 1 mmol TEOS and 0.25 
mmol APTES were added as precursors of silica. This dispersion was kept for 12 hours 
under gentle stirring for the growth of silica. Then the particles were transferred to DEG 
and heated to 130 °C for three hours. After cooled to room temperature, these particles 
were separated by centrifuge and washed with water and ethanol. Then, these particles 
were dispersed in water for further characterization. 
5.5.10 Octadecyl-Modification of Silica Coated PDI Core-Shell 
Nanoellipsoids 
To make the silica coated PDI particles hydrophobic, the synthesized nanoellipsoids in 
previous step (Section 5.5.9) were dispersed in 100 mL ethanol. And then, 0.1 mL 
octadecyltrimethoxysilane in 2 mL ethanol was added to the particle dispersion with 
vigorous stirring. Afterwards, 0.5 mL of 25% ammonia solution was added. The 
dispersion was allowed to keep 24 h under stirring at room temperature. The particles 
were isolated by centrifugation. Then the particles were washed several times with 
toluene and ethanol to remove excess silanes and then were redispersed in toluene. 
5.5.11 Preparation of Polymer Film Containing Silica Coated PDI 
Particles  
A solvent casting procedure was used to prepare the composite films. A 10 wt% 
polyvinylpyrrolidone (PVP, Mw = 10000) ethanol or water solution containing silica 
coated PDI particles (5 wt% of PVP) is applied onto a flat glass slide without imposing 
hydrodynamic stress on the liquid. The solvent was allowed to evaporate under ambient 
conditions until the film hardened. 
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Chapter 6  
Silica Coated Gold Nanoparticle Dimer by Coalescence 
of Microemulsion 
6.1 Introduction 
Gold nanostructures have attracted broad interest for research because of their unique 
properties such as plasmon resonance and conductivity in combination with shape and 
size controlled preparation and chemical stability. This rather unique combination of 
properties forms the basis for advanced and further ongoing developments in 
nanoelectronics, nanodevices, bio- and chemosensors1-8. The surface plasmon resonance 
wavelength of a metal nanoparticle is strongly affected by a number of factors, for 
example the shape and size of the particles as well as the refractive index of the 
surrounding medium. Furthermore, it is also affected by other metal nanoparticles that are 
present in the immediate environment. When two gold nanoparticles are sufficiently 
proximate, their plasmon resonance couples, and the wavelength shifts depending on the 
distance between the two particles9, 10. A lot of efforts have been made to prepare gold 
nanostructures with different size and morphologies. However, the controlled particle-
particle interaction and programmed assembly of gold nanoparticles still remain a 
significant challenge11-15. Up to now, several methods have been developed to prepare 
gold nanoparticle assemblies5, 14. Among these architectures, dimers are of special 
interests because of their potential application such as substrates in surface enhanced 
Raman spectroscopy (SERS)16, photothermal therapy utilizing the tunable plasma 
resonance from visible to near-infrared region and single-molecule sensing and 
detection17. The optical properties of these nanoparticle pairs were experimentally and 
theoretically studied18, 19. Electron beam lithography technique18, 19, DNA20, 21, organic 
bridged ligands22, 23, polymer lamellar single crystals24, solid phase mono- and 
asymmetric functionalization approaches25-28 have been used to fabricate gold 
nanoparticle dimer, trimer, or tetramer assemblies. Different numbers of gold 
nanoparticles in mesoporous silica shell have also been reported29. Nevertheless, there is 
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still a demand for a simple and more accessible method to produce gold nanoparticle 
assemblies with long term stability.  
In this chapter, a versatile liquid phase method based on microemulsion has been 
developed for assembling gold nanoparticles to form dimers and immobilizing the 
assembly by silica shell. The phenomena of aggregate micelles containing two or three 
gold nanoparticles have been reported in a study on synthesizing gold nanoparticles in 
block copolymer microemulsion during a certain stage of the reaction30. The intention of 
this study is to fuse the microemulsion droplets to achieve controlled assembly of gold 
nanoparticles and use the microemulsion as template to encapsulate the gold nanoparticle 
assemblies into silica to realize the immobilization. This stabilizes the gold particle 
dimers and prevents them from further agglomeration. The introduction of silica coating 
also allows attaching and modifying the particles with other functional groups as 
developed in silica nanoparticle chemistry. Furthermore, the introduction of other groups 
on the surface of gold loaded silica nanoparticles could control the assembly and the 
distance to the gold particles.  
6.2 Results and Discussion 
 
Scheme 6-1. Schematic illustration of the synthesis of silica coated gold 
nanoparticles (Au NPs). 
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The synthetic strategy used in this study is outlined in Scheme 6-1. First gold 
nanoparticles were synthesized in cyclohexane/Igepal® CO-520/water ternary micro-
emulsion system. Two portions of microemulsion containing chloroauric acid 
(HAuCl4·3H2O) and sodium citrate aqueous solution respectively were mixed, and then 
the microemulsion was stirred gently at room temperature for 12 hours to allow 
completion of the reaction.  
Table 6-1. Sample specifications and reagents concentration used during the 
synthesis of silica coated gold nanoparticles. 
Sample S-1 S-2 S-3 S-4 S-5 S-6 S-7 
Igepal® CO-520   (M) 0.1 0.1 0.1 0.1 0.1 0.1 0.2 
HAuCl3                      (µM) 15 15 15 20 20 20 50 
Citrate               (mM) 10 10 10 50 50 50 25 
w0a 3.3 3.3 3.3 4.2 4.2 4.2 1.7 
Ethanol               (M) 0 0.4 0.8 0.4 0.4 0.4 0.4 
NH3                             (mM) 0.8 0.8 0.8 1.0 1.0 1.2 1.2 
TEOS                (mM) 10 10 10 10 12 12 15 
Yieldb                 (%) / 43 / 31 29 38 33 
Figure 6-1c 6-1b 6-1d 6-3a 6-3b 6-3c 6-3d 
Note: a w0 = [water]/[Igepal® CO-520] 
          b The yield of silica coated dimers. 
The specification of samples and concentration of reagents is presented in Table 6-1. 
In this study, the concentration ratio of water to surfactant (w0) is not too large and the 
size of water droplets is small enough to ensure that only one gold nanoparticle was 
formed in each water droplet. Afterwards, an accurately designed amount of ethanol was 
added to the system. It has been reported that ethanol increases the spontaneous curvature 
of the interface, favors the formation of interconnections among aqueous channels and 
thus induces an effective interaggregate attraction31. Therefore, ethanol can destabilize 
the microemulsion and thereby makes the water droplets coalesce to a certain degree. The 
gold-containing micelles would fuse more drastically with increasing concentration of 
ethanol. Thus, it is expected that the majority of the micelles would contain two gold 
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nanoparticles when a certain amount of ethanol is added. Subsequently, TEOS (silica 
precursor) and microemulsion containing ammonia solution (catalyst) as water phase 
were added to the gold nanoparticle microemulsion to form a layer of silica outside the 
gold assemblies. The obtained particles can be precipitated from the microemulsion by 
addition of excessive ethanol and redispersed in polar solvents such as water or ethanol 
after the surfactant has been washed off.  
 
Figure 6-1. TEM images of: (a) gold nanoparticles after coalescence of the 
micelles; dimers are indicated by circles and inset shows a magnified view of one 
dimer; (b) S-2, silica coated gold nanoparticle dimers, inset is a detailed view of the 
particle (the bar represents 10 nm); (c) S-3, SiO2@Au core-shell particles with 
several gold particles inside; and (d) S-1, SiO2@Au core-shell particles with one 
gold particle inside (see Table 6-1 for the details of S1‒3). The concentration of 
ethanol used: (a) and (b) 0.4 mol/L; (c) 0.8 mol/L; (d) 0 mol/L.  
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Figure 6-1a gives the typical TEM image of the gold nanoparticle dimers formed after 
the microemulsion has coalesced (the sample was prepared by putting one drop of the 
microemulsion on a TEM grid). It can be seen clearly that most gold nanoparticles exist 
as pair on the TEM grids (indicated in circles on the image). Figure 6-1b shows the 
obtained silica coated gold nanoparticle dimers. Almost all of the particles have a core-
shell structure that is composed of 20~40 nm silica particles containing one, two or 
several 4–6 nm gold nanoparticles as cores. Figure 6-1b inset is a detailed view of one 
silica coated gold nanoparticle dimer. By analysis of 500 particles, it is estimated that 43 % 
of the silica particles contain gold particle pairs, 40 % contain one gold particle and the 
rest contain more than two gold particles. Table 6-2 gives the statistical results of samples 
obtained with different amounts of ethanol. These results prove that the proportion of 
silica coated gold nanoparticle dimers can be controlled by the addition of ethanol. 
Table 6-2. Statistical results of the percentage of silica that contains different 
amount of gold nanoparticles (see Table 6-1for the details of S1‒3). 
Sample Ethanol 0 Au NP 1 Au NP 2 Au NPs > 2 Au NPs 
S-1 0 M 6% 92% 2% 0 
S-2 0.4 M 1% 40% 43% 16% 
S-3 0.8 M 0 10% 24% 66% 
Note: Au NPs means gold nanoparticles. 
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Figure 6-2. A) UV-vis spectra of gold nanoparticles in microemulsion before silica 
coating: (a) without ethanol; (b) with 0.4 M ethanol; (c) with 0.8 M ethanol. (b) and 
(c) were measured 0.5 hour after ethanol was added. B) Corresponding spectra of 
gold nanoparticles after silica coating: (d) S-1; (e) S-2; and (f) S-3 (see Table 6-1 
for the details of S1, S2 and S3). 
As mentioned above, the coalescence of the microemulsion caused by ethanol is a key 
step of the gold dimer formation. UV-vis spectroscopy and TEM were employed to 
monitor this process. When the gold nanoparticles are formed in the microemulsion at the 
beginning, they produce a plasmon resonance peak (λmax) at 530 nm (Figure 6-2A, curve 
a). The characteristic red color of gold nanoparticles can be observed. At this stage, only 
one gold particle exists in each water droplet in the microemulsion, which is also proved 
by the experiment of silica coating as described above, but without the addition of 
ethanol. Only silica particles with one gold nanoparticle inside were observed (Figure 
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6-1d). With the addition of ethanol into the system, the red color fades and then turns to 
bluish gradually. In a typical procedure used to prepare particles depicted in Figure 1b, 
0.4 mol/l ethanol (concentrations mentioned in this communication are calculated by the 
whole volume of the microemulsion) is added. The plasmon resonance band broadens, 
displays a red shift (λmax = 554 nm), and decreases in intensity (Figure 6-2A, curve b), 
indicating the formation of gold nanoparticle dimers as can be observed in the TEM 
image of the microemulsion at this stage (Figure 6-1a). When 0.8 mol/L ethanol is added 
to the microemulsion, the UV-vis absorption curve becomes very broad and the 
maximum shifts to 616 nm (Figure 6-2A, curve c). That is caused by the formation of 
larger gold nanoparticle assemblies. The silica coating experiment is also performed at 
this stage. TEM photo shows that most silica particles contain several gold nanoparticles 
(Figure 6-1c). Figure 6-2B depicts the UV-vis spectra of these samples after silica coating, 
which show the obvious red shift of the plasmon resonance band caused by the formation 
of gold nanoparticle assemblies. When the ethanol concentration reaches above 1 mol/l, 
the microemulsion turns to bluish at once. However, within half an hour the blue color 
turns to colorless and black precipitation is observed as the excessive ethanol destabilizes 
the microemulsion extremely so that the gold nanoparticles aggregate rapidly and 
precipitate.  
In this procedure, sodium citrate was chosen as reducing agent. The surfaces of 
formed gold nanoparticles are negatively charged due to the adsorbed citrate groups, 
which makes it difficult to coat the gold nanoparticles with silica. Therefore, a little 
amount of APTES is necessary which replaces the citrate anions and adsorbs on the gold 
surface driven by the high complexation constant for gold amines32. In our experiments, 
0.2 mmol/L APTES were used. In absence of APTES, most of the gold particles were not 
coated with silica. It can also be observed that the silica particles formed in the 
microemulsion without ethanol are much more spherical and monodisperse than those 
formed after the addition of ethanol. The reason for this may be that ethanol will reduce 
the stability of micelles and the coalescence and mass transfer between the micelles will 
be accelerated tremendously. Thus, the polydispersity of the droplets will be increased 
and the silica particles formed in this condition will be less monodisperse. The size of the 
gold core and silica shell can be adjusted through changing the microemulsion parameters 
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and the concentration of reactants. Larger gold particles can be obtained by changing the 
concentration of chloroauric acid and sodium citrate and the concentrate ratio of water to 
surfactant of the microemulsion, while thicker silica shell can be prepared by a higher 
concentration of ammonia and TEOS. Figure 6-3 shows some silica coated gold 
nanoparticles of different size. The plasmon spectra of silica coated 15 nm and 26 nm 
gold dimers are shown in Figure 6-4. The shifts of plasmon resonance peak after the 
formation of gold nanoparticle dimers can be observed.   
 
Figure 6-3. TEM images of silica coated gold nanoparticle dimers with different 
size. The diameters of silica/gold nanoparticles: (a) S-4, 58/15 nm; (b) S-5, 90/15 
nm; (c) S-6, 137/15 nm; (d) S-7,140/26 nm (see Table 6-1 for the details of S4, S5, 
S6 and S7). The bar represents 50 nm. 
 
Figure 6-4. UV-vis spectra of silica coated 15 nm gold nanoparticle monomer (a) 
and dimer (b, S-6); 26 nm gold nanoparticle monomer (c) and dimer (d, S-7) (Table 
6-1 for the details of S6 and S7). The diameters of the silica particles are 137 nm 
and 140 nm respectively.      
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6.3 Conclusion 
In conclusion, the preparation of silica coated gold nanoparticle dimers can be achieved 
by a combination of standard microemulsion procedures for preparing gold and silica 
nanoparticles with a controlled coalescence process. The practicability of microemulsion 
as a potential technique for controlled assembly of nanoparticles has been demonstrated. 
The UV-vis spectra were used to monitor the coalescence process of the microemulsion 
droplets and gold nanoparticles. The change of plasma resonance band caused by the 
particle coupling has been observed. This method is not only limited to gold 
nanoparticles, but can also be adapted to any other types of nanoparticles which can be 
synthesized in appropriate microemulsion systems.  
6.4 Experimental Section 
All the glassware and stirring bars were cleaned by aqua regia before use.  
Fresh prepared 0.005 M or 0.05 M gold (III) chloride trihydrate (HAuCl4· 3H2O, 
99.9+%, Sigma-Aldrich) aqueous solution and 1 wt% ‒ 10 wt% sodium citrate tribasic 
dihydrate (C6H5Na3O7 · 2 H2O, ≥99.0%, Fluka) aqueous solution were used as the 
reagents for the synthesis of gold nanoparticles.  
Igepal® CO-520 was dissolved in cyclohexane, then the calculated amount of 
HAuCl4· 3H2O and C6H5Na3O7 · 2 H2O aqueous solutions were added to the Igepal® CO-
520 solution in cyclohexane. Upon stirring, the system became transparent and 
homogenous within several seconds, indicating the formation of microemulsion. In some 
cases, only semitransparent microemulsion was obtained.  The microemulsion was kept 
under gentle stirring for 24h. It turned to red gradually. Then ethanol was added to the 
microemulsion, the color changed to deep red or blue depending on the amount of 
ethanol added and time. After 15 min, APTES, ammonia, and TEOS were added for the 
formation of silica. After another 24 h, ethanol was added to break the emulsion. The 
particles can be collected by centrifugation. The particles were washed by ethanol and 
water several times to remove the surfactant.  
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Chapter 7  
Silica Coated Gold Nanoparticle Dimer by CTAB Induced 
Gold Nanoparticle Coalescence  
7.1 Introduction 
In Chapter 6, a method of synthesis of silica coated gold nanoparticle dimer based on 
the coalescence of microemulsion has been described. Though the microemulsion system 
has many advantages, there are also some drawbacks, for example, the use of large 
amount of surfactant and organic solvents, low producing capacity and so on.  In this 
chapter, another method which has more controllability and productivity will be 
discussed.  
This method starts with the Turkevich gold sol which is sodium citrate reduced gold 
nanoparticles in water1. The particles are stabilized by the citrate ions adsorbed on the 
gold surface. It is found that certain concentration of cetyltrimethylammonium bromide 
(CTAB) leads to the coalescence of the gold nanoparticles and links the gold 
nanoparticles together2. Therefore, it is possible to control the number of gold 
nanoparticles of gold assemblies by the concentration of CTAB. Here, the feasibility of 
CTAB as fusing agent for the controlled coalescence of gold nanoparticles has been 
demonstrated.  
7.2 Results and Discussion 
The gold nanoparticles were prepared by the Turkevich method. Upon boiling an 
aqueous solution of HAuCl4 and sodium citrate, gold sol with the color of red wine can 
be obtained. The gold nanoparticles are stabilized by citrate anions which are adsorbed on 
the gold surface. In this study, gold nanoparticles with 15 nm diameter (CV 10%) were 
used. Then, predetermined amount of CTAB was added to the sol to cause the 
coalescence of the gold nanoparticles. With increasing amount of CTAB, the color of the 
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gold sol changes due to the coupling of plasma resonance band caused by the coalescence 
of the gold nanoparticles. After 30 min, APTES was added to stop the coalescence. 
Without this step, the process of coalescence will keep going until large aggregates form 
and black precipitates appear.  
 
Figure 7-1. UV-vis spectra of gold nanoparticle sol with different amount of CTAB. 
The measurement was performed 30 minutes after the addition of CTAB. 
Figure 7-1 gives the UV-vis spectra of the gold sol. The freshly prepared gold 
nanoparticle dispersions in water show a narrow peak at 523 nm which is the typical 
plasmon resonance band of monodisperse spherical gold nanoparticles. The gold sol has a 
distinctive red color. TEM image also shows the monodispersity of these spherical 
nanoparticles (Figure 7-2a).  When different amount of CTAB is added, the spectra 
change obviously. When CTAB concentration is 0.5 µM, the spectrum is similar, while 
the peak at around 520 nm has a red-shift to 538 nm, and the shape becomes broader. The 
color of the gold sol slightly changes. This attributes to the formation of small assemblies 
of gold nanoparticles which has been discussed in Chapter 6. The formation of dimers 
has also been proved by TEM (Figure 7-2b).  If the concentration of CTAB increases, the 
spectra become even broader and a new peak appears at longer wavelength. When the 
concentration of CTAB is 1.0 µM, the intensity of the peak at 538 nm reduces and at 
around 760 nm a new peak is observed. The absorption at longer wavelength increases. 
This indicates the formation of larger assemblies. The peak at 760 nm attributes to the 
longitudinal plasmon band caused by the longitudinal coupling of the particles. From the 
TEM image (Figure 7-2c), it can be observed that gold nanoparticle trimers and some 
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larger assemblies form. A bluish color can be observed from the sol. When the CTAB 
concentration reaches 3.0 µM, the intensity of the longitudinal plasmon band becomes 
stronger. From the TEM image (Figure 7-2d), a large assembly with branch-like structure 
can be observed.  With further increase of the concentration of CTAB, the spectra 
become broader, the intensity of the absorption at around 530 nm decreases and the 
longitudinal plasmon band increases more.  The color of the gold nanoparticle dispersion 
becomes blue. Ultimately, the gold nanoparticles form black precipitates.  
Table 7-1. Statistical results of the percentage of the gold nanoparticle assemblies at 
difference CTAB concentration. 
[CTAB] 
 (µM) Monomer Dimer Trimer Tetramer Larger Assemblies 
0 98% 1% 1% 0 / 
0.5 21% 68% 6% 4% 1% 
1.0 16% 24% 46% 8% 6% 
1.5 12% 18% 27% 35% 8% 
2.0 11% 17% 21% 33% 18% 
3.0 1% 6% 18% 21% 54% 
 
From the analysis above, it can be concluded that the assembly of the gold 
nanoparticles can be controlled by the concentration of CTAB. The statistical results of 
the percentage of silica contains different amount of gold nanoparticles at various 
concentration of CTAB are listed in Table 7-1. When the concentration of CTAB is 0.5 
µM, the majority of the gold nanoparticle assemblies contain two particles; at CTAB 
concentration of 1.0 µM, gold nanoparticle trimers are the major assembly. With higher 
CTAB concentration, larger assemblies are dominant. Therefore, through adjusting the 
CTAB concentration, it is possible to obtain gold nanoparticle assemblies with dimer or 
trimer as majority.  
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Figure 7-2. TEM images of gold nanoparticles after the addition of CTAB. The 
concentration of CTAB is (a) 0; (b) 0.5 µM; (c) 1.0 µM; and (d) 3.0 µM. The 
concentration of Au is 0.5 mM. The bars represent 50 nm.  
The coalescence of gold nanoparticles can be attributed to two aspects of affects.  On 
the one hand, CTAB, as an electrolyte, changes the ionic strength of the gold sol and 
therefore destabilizes the system3. On the other hand, CTAB prefers to adsorb on certain 
face of the gold nanocrystal.  Then, the gold nanoparticles can be linked together through 
the bilayers of hydrophobic tails of CTAB (Scheme 7-1).  When certain concentration of 
CTAB is added, the majority of the gold nanoparticle assemblies will be dimers. The 
higher concentration of CTAB is used, not only the less stable is the gold sol but also 
more likely the gold particles link together on certain crystal face. Ultimately, the 
numbers of gold particles of every assembly will increase.  
After the addition of CTAB, certain amount of ATPES is added. APTES adsorbs on 
the gold surface to replace the citrate ions. Therefore, the coalescence process is stopped 
and surfaces of gold nanoparticles become vitreophilic. In order to get gold nanoparticle 
dimers or trimmers, the concentration of CTAB has to be very low. Only several CTAB 
Wang, Hailin|Dissertation 
 _____________________________________________________________________________________  
111 
 
molecules are expected to be present on the surface of very gold nanoparticle. With very 
high concentration of CTAB (above 0.1 M), the coalescence does not occur. In this case, 
the CTAB can fully cover the surface of the gold nanoparticles, which prevent the 
particles forming aggregates.  
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Scheme 7-1. Schematic illustration of CTAB induced formation of silica coated 
gold nanoparticle dimers. 
The procedure of silica growth is similar to the method developed by Liz-Marzán etc4. 
The gold nanoparticle assemblies undergo a water glass based silica coating procedure 
followed Stöber coating process. In this case, the addition of APTES has two functions. 
On the one hand, it stops the coalescence caused by CTAB and on the other hand, 
APTES makes the gold surface virteophilic so that the growth of silica becomes possible. 
Without APTES, silica cannot grow on the surface of gold nanoparticles because the 
negative charge of the citric ion on the gold particle surface prevents the silica to deposit.  
However, excessive APTES also causes the coalescence of gold nanoparticles. Therefore, 
the amount of APTES has to be controlled precisely so that only around one layer of 
APTES covers the surface of gold nanoparticles.  Then, an active silica solution is added 
and the solution is kept steady for two days. This step is to grow a thin layer of silica on 
gold nanoparticles. Then, these particles are ready for further Stöber growth. Without this 
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step, the gold nanoparticles will coalesce in ethanol. Afterwards, these gold nanoparticles 
with thin layer of silica are transferred to a mixture of water and ethanol (1:4 vol) and 
then calculated amount of ammonia and TEOS are added to perform the Stöber growth. 
The thickness of the silica shell can be adjusted through control of the amount of TEOS.  
Figure 7-3 shows the silica coated gold nanoparticles obtained after the addition of 
different amounts of CTAB with 25 nm silica shell. When CTAB concentration is 0.5 
µM, the majority of the silica particles (56%) contains gold nanoparticle dimers (Figure 
7-3a). When the concentration of CTAB is increased to 1.0×10-3 mM, 34 % of the silica 
particles contain trimers which are the largest proportion among all the assemblies 
(Figure 7-3b). When the concentration of CTAB increases further, most silica particles 
contain much larger gold nanoparticle assemblies (Figure 7-3c and d).  
 
 
Figure 7-3. TEM image of silica coated gold nanoparticles obtained with different 
concentrations of CTAB. a)  0.5 µM; b) 1.0 µM; c) 1.5 µM; d) 2.0 µM. 
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The statistic results of the silica coated gold nanoparticles are listed in Table 7-2. 
After the silica coating process, the number of gold nanoparticles in each silica particle 
changes slightly compared with the gold assemblies without silica coating (Table 7-1). 
The change of each type of assembly after silica coating has no apparent trend. At each 
CTAB concentration, the number of gold nanoparticles in each assembly may either 
increase or decrease. The process of silica coating obviously has effects on the assembly 
of gold nanoparticles, especially, the step where APTES and active silica are added to the 
system. It is already known that excess of APTES can cause the coalescence of gold 
nanoparticles. The addition of active silica causes the pH and ionic strength changes of 
the sol, which may also affect the stability of the dispersion. The interaction between gold 
nanoparticles, APTES and CTAB may be very complex. The reach of new equilibrium 
can result in either coalescence or separation of the gold nanoparticles. 
Table 7-2. Statistical results of the percentage of the gold nanoparticles in silica 
core-shell nanoparticles at different CTAB concentration. 
[CTAB] 
 (µM) Monomer Dimer Trimer Tetramer Larger Assemblies 
0 92% 5% 3% 0 / 
0.5 24% 56% 11% 7% 2% 
1.0 8% 28% 34% 13% 17% 
1.5 6% 21% 26% 36% 11% 
2.0 9% 15% 23% 33% 20% 
3.0 0% 2% 7% 12% 79% 
After coating with silica, the optical properties of these gold nanoparticle assemblies 
are studied by UV-Vis spectroscopy (Figure 7-4). Obvious red-shift is observed from 
gold nanoparticle monomer to dimer and trimer.  
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Figure 7-4. UV-Vis spectra of silica coated gold nanoparticle monomer dimer and 
trimer. Silica shell 50 nm. Measured in water. 
This method provides an alternative procedure for the preparation of silica coated 
gold core-shell nanoparticles with controlled number of gold nanoparticles as core. 
Compared with the microemulsion method which is discussed in Chapter 6, this 
procedure possesses several advantages: the reaction is performed in water, which avoids 
using large amounts of organic solvent and surfactant; the productivity is also much 
higher than that of the microemulsion method; the optical changes of the gold 
nanoparticles caused by the coupling effects are more remarkable, as is documented in 
the UV-vis spectra, because the particles are directly connected after coalescence and 
almost no space exists between two gold particles; and the controllability is better than 
that of the microemulsion method.  
7.3 Summary  
Silica coated gold core-shell nanoparticles with different number of gold 
nanoparticles were prepared by CTAB controlled coalescence of gold sol following the 
modified Stöber growth of the silica shell. The UV-vis spectra were employed to monitor 
the coalescence process. The changes of the optical properties of the gold nanoparticles 
caused by the coupling effects were observed. The method shows better controllability 
than the microemulsion procedure.    
Wang, Hailin|Dissertation 
 _____________________________________________________________________________________  
115 
 
7.4 Experimental Section  
The gold sol was prepared by adding 5 mL of 0.005 M HAuCl4 and 5 mL of 1 wt % 
sodium citrate aqueous solution to 90 mL of boiling water. The solution was kept boiling 
for 15 minutes and then cooled to room temperature.  This resulted in gold nanoparticles 
with diameter of around 15 nm. Then, 0‒500 µL of 1 mM CTAB aqueous solution was 
added with strong stirring. After 30 minutes, 0.5 mL of freshly prepared 1 mM APTES 
aqueous solution was added to the gold sol under vigorous magnetic stirring. The mixture 
was allowed standing for 15 min to ensure complete complexation of the amine groups 
with the gold surface. Then 4 mL of 0.54 wt% activate silica solution (pH = 10‒11) was 
added under vigorous magnetic stirring. The resulting dispersion was then allowed to 
stand for at least one day, so that the active silica polymerized on the gold particle 
surface. The particles were then transferred into 1:4 (vol:vol) water/ethanol for further 
growth or chemical modification of the silica layer. To 100 mL of the sol, 50 µL of 
TEOS and 2 mL of ammonia were added. The solution was allowed to stand for 12 h 
under mild magnetic stirring, and the addition of TEOS was repeated until the desired 
shell thickness was attained. 
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Chapter 8  
Fluorescence Enhancement by Silica Coated Gold 
Nanoparticles  
8.1 Introduction 
In Chapter 4, the effects of the encapsulation into the silica matrix on the optical 
properties of FITC are investigated. In this chapter, the enhancement of the fluorescence 
of FITC by gold nanoparticles will be discussed.  
The optical properties of a fluorescent dye molecule near to metal nanoparticles are 
affected by the near-field electrodynamical environment1-4. The interactions between 
fluorescent molecules and metallic surfaces includes quenching, enhancement of the 
strength of the incident light field, and an increase in the radiative decay rate of the 
fluorophore. The combination of these effects results in enhancement or quenching of the 
fluorescence depending on the distance between the molecule and the metal surface. The 
quenching effect decreases with the cube of the distance between the fluorescent dye and 
the metal surface. The enhanced field and increased radiative rates occur at longer 
distances from the metal than the quenching. Hence, generally there exists a region of 5‒
20 nm from the metal surfaces where the fluorescence emission is enhanced5, 6.  
Fluorescence enhancement or quenching by metal has been experimentally proved7-10. 
However, most investigations were carried out on single molecules or films containing 
metal islands. Few studies have been performed on colloidal system. Recently, some 
results on small particles consisting of a metal-core, spacer molecules and fluorescent 
dyes have been reported11, 12. The relatively small distance and the flexible spacer 
molecules make the enhancement of fluorescence not happen in every case. Silica coated 
metal nanoparticles provide an ideal platform for the study of fluorescence enhancement. 
The silica shell offers robust and chemical inert structure where various functionalities 
and fluorophores can be conjugated. The layer of silica protects the metal nanoparticles 
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from the surrounding environment. Also the silica shell allows precise control of the 
distance between the metal surface and the fluorophores. In few cases, the use of silica 
coated silver and gold nanoparticles for the enhancement of fluorescence has been 
reported13-15. However, the use of this type of core-shell particles for the study of the 
enhancement of fluorescence by metal nanoparticle dimers has not been reported before. 
It is already known that the electric field in the space between the coupled metal particles 
is more intense than that of a metal particle monomer. The high field between the 
particles can enhance the fluorescence, which has been experimentally proved for single-
molecule fluorescence on silver nanoparticle dimers16. Here silica coated gold 
nanoparticles were used to study the phenomenon of metal enhanced fluorescence. 
Furthermore, the enhancement by gold nanoparticle monomer, dimer and trimer was 
compared.         
8.2 Results and Discussion 
Silica coated gold nanoparticles with different shell thickness and different number of 
gold nanoparticles used here were prepared as described in Chapter 7. FITC was chosen 
as the fluorophore. The dye molecules were grafted on the surface silica shell (as 
described in Chapter 4) to reduce the effect of encapsulation. Very low concentration of 
dye was used to minimize the interaction between neighboring dye molecules. It is 
estimated that only 20‒100 dye molecules are present on every particle. FITC-doped 
silica nanoparticles without gold core were used as reference. Since the dye molecules are 
grafted on the surface of the particles, the distance between the dye and the gold core 
approximates the thickness of the shell.  
As discussed above, the enhancement of fluorescence by metal only occurs at a 
certain distance between the flurophore and the metal surface. Therefore, in this study, 
FITC-doped Au@silica core-shell particles with different shell thickness were prepared 
to find the optimal distance for fluorescence enhancement. Then, FITC-doped Au@silica 
nanoparticles with different gold nanoparticle cores were compared so that the 
comparison of the fluorescence enhancement by gold nanoparticle monomer, dimer, 
trimer can be performed. 
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Figure 8-1. The absorption and emission spectra of FITC and the surface plasmon 
resonance band (SPRB) of gold nanoparticles, Au monomer@silica, Au 
dimer@silica and Au trimer@silica in water.  
The absorption and emission spectra of FITC are given in Figure 8-1. The plasmon 
resonance bands of gold nanoparticles and silica coated gold nanoparticles (520‒530 nm) are 
located near the emission peak of FITC (around 515 nm).  Therefore, the enhancement of 
fluorescence emission is expected.  
Table 8-1. The fluorescence enhancement of FITC by silica coated gold 
nanoparticle monomer with different shell thickness a. 
Sample S1 S2 S3 S4 S5 S6 S7 S8 Reference 
Shell (nm) 5.1 9.8 16.2 19.6 25.0 31.3 36.0 41.8 105 b 
Enhancement 
factor 0 0.28 0.71 5.1 7.2 3.4 1.1 0.92 1 
Note: a The shell thickness is obtained from TEM iamges. 
              b diameter 
The fluorescence emission spectra are normalized to the same concentration (Figure 
8-2), and the intensity is compared with reference (FITC-doped silica nanoparticles 
without gold core). The results are summarized in Table 8-1. In the case of silica coated 
gold nanoparticle monomers, particles with silica shell 5‒50 nm have been prepared. The 
results show that in the distance of around 20~30 nm, the fluorescence emission has been 
strongly enhanced. When the shell is smaller than 15 nm, the fluorescence is obviously 
quenched. In the case of particles with 5 nm silica shell, no fluorescence has been 
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detected. Therefore, the fluorescence must be completely quenched at this distance. 
When the distance is larger than 30 nm, there is no recognizable fluorescence 
enhancement has been observed. At a distance of 40 nm, the enhancement factor is 0.92. 
Though slightly smaller than the reference, it is reasonable to conclude that the 
fluorescence has been neither enhanced nor quenched at this distance if the system error 
has been taken into account. Therefore, at long distance, the interaction between the 
surface plasmon resonance of gold nanoparticles and fluorescent molecules is so weak 
that it can be negligible. Hence, no enhancement effect is observed in this case.     
 
 
Figure 8-2. Normalized fluorescence emission spectra of silica coated gold 
nanoparticle monomers with different shell thickness (excited at 492 nm). (a) The 
case that the fluorescence has been quenched where the thickness is 9.8 nm and 
16.2 nm; and (b) the case that the fluorescence has been enhanced (the silica shell is 
19.6 nm, 25.0 nm, 31.3 nm and 36.0 nm, respectively).  
With the finding that the fluorescence enhancement by silica coated gold 
nanoparticles only occurs at a certain distance between the dye molecules and the gold 
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nanoparticles, the comparison of the enhancement by silica coated gold nanoparticles 
with different numbers of gold in the core has also been studied. Here, silica coated gold 
nanoparticle monomer, dimer and trimer with shell thickness around 25 nm and 35 nm 
are investigated. As discussed above, in the case of gold nanoparticle monomer, the 
strongest enhancement occurs at distance around 25 nm and almost no enhancement has 
been detected at a distance around 35 nm. When two gold nanoparticles couples, the local 
field can be dramatically enhanced. Therefore, a stronger enhancement or quenching of 
fluorescence is expected.  
 
 
Figure 8-3. Normalized fluorescence emission spectra of silica coated gold 
nanoparticle monomer, dimer and trimer with shell thickness of 25 nm (a) and 35 
nm (b) (excited at 492 nm).  
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Table 8-2. The fluorescence enhancement of FITC by silica coated gold 
nanoparticles with different core. 
Sample  S9 S10 S11 S12 S13 S14 Reference 
Shell (nm) 25.0 24.7 25.6 36.0 35.2 35.6 105 a 
Core monomer dimer trimer monomer dimer trimer / 
Enhancement 
Factor 7.2 12.1 9.6 1.1 10.1 8.8 1 
 Note: a diameter 
Strong enhancement of fluorescence emission of FITC has been observed at both 
shell thickness of 25 nm and 35 nm. The results are summarized in Table 8-2. Figure 8-3 
gives the normalized emission spectra. In the case that the shell thickness is 25 nm, dimers and 
trimers show stronger enhancement than monomers. Especially the dimer can enhance the 
fluorescence for 12.1 times. When the shell is around 35 nm, almost no enhancement has been 
observed for monomers. However, the dimers and trimers can still enhance the fluorescence 
obviously. The enhancement factor is 10.1 and 8.8 times respectively. Therefore, the range of 
interaction between the gold and fluorescent molecules is larger in the case of the dimers and the 
trimers than in the case of the monomers. The dimers lead to the greatest enhancement. It is 
already know that the enhancement of radiative decay rate by metal spheroids is much greater 
than that by metal spheres6. Gold nanoparticle dimers resemble spheroids and the perpendicular 
resonance also appears. Hence, it is reasonable that the greatest enhancement occurs in the case of 
dimers. The case of trimers is more complex. The prepared sample of silica coated gold 
nanoparticle trimers for the study actually only contains around 1/3 particles with trimer in the 
core (Table 7-2). A large portion of other assemblies, such as monomer, dimer, and tetramer and 
so on, also exists. Trimer and larger agglomerates can form linear structures and nonlinear 
assemblies. Therefore, the apparent enhancement is the combination of the interaction between 
fluorphores and all these different assemblies. Nevertheless, it can be concluded that when small 
gold nanoparticle assemblies are used, a greater enhancement is obtained which occurs at a longer 
distance than in the case that monomers are used. Therefore, in order to get optimized 
fluorescence enhancement, the dye molecules have to be present at a short range of distance to 
the metal surface. Metal nanoparticle dimers can be used to obtain greater fluorescence 
enhancement.   
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8.3 Summary 
Silica coated gold nanoparticles were used as the platform for the study of metal 
enhanced fluorescence for the fluorescent dye FITC. The dependence of the fluorescence 
enhancement on the distance between the dye molecules and the metal nanoparticles has 
been investigated.  The fluorescence of FITC can enhanced be at a distance of 20‒30 nm 
from the surface of gold nanoparticle monomers. At a distance longer than 30 nm, no 
enhancement has been observed. At a shorter distance (less than 20 nm), the fluorescence 
is quenched. The fluorescence enhancement by gold nanoparticle dimers and trimers was 
also studied. Both dimer and trimer have stronger enhancement effect than the monomer. 
The enhancement by the dimer and the trimer also can occur at a longer distance than in 
the case of monomer.         
8.4 Experimental Section  
Silica coated gold nanoparticles were prepared by the sodium citrate reduction of 
HAuCl4 in water, which is described in Chapter 7. Gold nanoparticles with diameter of 
15 nm were employed. The formation of dimers or trimers is induced by CTAB. For the 
sample of silica coated gold nanoparticle monomer, > 95% of the particles contain a 
monomer as core. For the sample of silica coated gold nanoparticle dimers, 56% of the 
particles contain a dimer as core. For the sample of silica coated gold nanoparticle trimers, 
34% of the particles contain trimers.  FITC was covalently bonded on the surface of these 
particles as described in Chapter 3. Silica particles without a gold core were used as 
reference. The concentration of FITC on the particles was very low. It was controlled that 
only 20‒100 FITC molecules were present on each particle, which is depended on the 
size of the particle. The low concentration is used to minimize the interaction between 
neighboring dye molecules. The dye concentration on the particles was determined by 
dissolving the particles in 0.4 M NaOH solution. The fluorescence intensity of the 
solution was measured and compared with referential FITC solution with known 
concentration. The fluorescence emission measurement of the samples was carried out on 
the spectrometer using the same setting at particle concentration of around 1012 
particles/L.  The low concentration is to avoid the interaction between particles and to 
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reduce the absorption of fluorescence and excitation light by the surface plasmon 
resonance of the gold nanoparticles. The fluorescence intensity is normalized by dividing 
the measured intensity by the concentration of dye molecules. Then the emission spectra 
of different particles and the reference were scaled by the same factor, chosen that the 
maximum of the reference spectrum is 1. The enhancement factor was obtained by 
comparing the maxima of different spectra with the reference. It is worth to note that the 
accuracy of the measurement of the fluorescence intensity is very important. The 
particles have to be washed thoroughly after grafting FITC on silica to remove ungrafted 
dye molecules. The samples for comparisons were measured in the same medium. In 
every measurement, the emission was measured 3 times and the average intensity was 
recorded.  
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Chapter 9  
Silica Colloidosome 
9.1 Introduction 
The demand for efficient encapsulation of active substances such as drugs, 
proteins, and enzymes has driven the intensive interests in the preparation of hollow 
microcapsules for a wide range of applications, such as in biomedicine, pharmaceutics, 
drug delivery, cell and enzyme transplantation, and heterogeneous catalysis1-6. To 
achieve these purposes, the capsules should possess several properties, such as certain 
mechanical strength, controllable permeability, biocapability, tunable size and 
compositions etc. Many materials, such as dendrimers7, block copolymers8, 
microgels9, inorganic and metallic nanoparticles10, have been synthesized as 
functional capsules. The techniques have been used so far includes nozzle reactor 
processes11, 12, emulsion/phase separation procedures (often combined with sol-gel 
processing)13, 14, and sacrificial core techniques15. The colloid-templated sol-gel 
reaction16 and layer-by-layer (LBL) assembly17 routes are frequently used for the 
synthesis of most of the inorganic capsules, especially those composed of silica.  
One of the most promising types of capsules is “colloidosome” which is termed 
by Dinsmore et al18. Colloidosomes are microcapsules with shells consisting of 
densely packed colloidal particles. The physical properties of colloidosome, such as 
permeability and mechanical strength, can be precisely controlled through the proper 
choice of colloids and preparation conditions of the assembly. The synthesis of 
colloidosomes generally utilizes the solid stabilized emulsion or Pickering emulsion 
technique19, 20. Solid particles (nano- or micro-) can function similarly as low 
molecular surfactants and surface-active polymers to adsorb to interfaces, to stabilize 
emulsions and foams.  A wide variety of solid materials has been used as stabilizers of 
either o/w or w/o emulsions including iron oxide, hydroxides, metal sulfates, silica, 
clays, and carbons. The effectiveness of the solid on stabilizing emulsions depends on 
the size, shape, concentration, wettability and the interaction of the particles21. The 
extreme examples of the surfactant effects include patents on conversion of aqueous 
solutions in powdered form by silica particles22, 23.   
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Velev et al. pioneered the synthesis of capsules with permeable structures via the 
assembly of polystyrene latex spheres at the interface of emulsion droplets24. 
Afterwards, many results have been reported on the preparation of colloidosomes 
composed of different particles and materials, for example, PS latex particles 
colloidosomes 25, 26, hairy colloidosomes with polymeric microrods27, magnetic Fe3O4 
colloidosomes28,   thermal sensitive microgel colloidosomes,  microgel 
colloidosomes9, 29,30 and bionanoparticle colloidosomes31 etc.  
Though many techniques have been developed for the preparation of capsules 
with different compositions and structures, few attentions have been focused on the 
preparation of highly insulated capsules. To realize complete insulation, inorganic 
materials are preferred. Silica has many advantages over many traditional materials. 
Despite being one of the most frequently used emulsion stabilizers32, silica 
nanoparticles have rarely been reported to form colloidosomes, possibly silica 
particles are difficult to be robustly connected onthe emulsion interface. To the best of 
our knowledge, only few cases have been described, for example, wax@SiO2 
colloidosomes with solid cores33, polyelectrolytes strengthened silica colloidosomes10. 
However, to prepare stable silica colloidosomes with liquid core under dry state is still 
a great challenge. In this chapter, a versatile strategy based on the Pickering emulsion 
technique to synthesize pure silica colloidosomes with designed structure and 
properties is presented. These colloidosomes have closed capsular structure and the 
shells can be controlled to have a monolayer or bilayer of silica nanoparticles.  
9.2 Results and Discussion 
9.2.1 General Procedure for the Preparation of Silica 
Colloidosomes 
The method for preparation of silica colloidosomes is outlined in Scheme 9-1. 
Water-in-oil (w/o) Pickering emulsion was used as a soft template for the synthesis of 
colloidosomes. Silica nanoparticles with average diameters of 50 nm prepared by the 
Stöber method34 were used to stabilize the emulsion. These particles were 
hydrophobized by octadecyltrimethoxysilane (ODMS) and dispersed in toluene. The 
amount of ODMS was carefully selected so that the particles have appropriate 
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hydrophobicity. These particles are monodisperse without secondary agglomeration. 
Then, this dispersion of silica nanoparticles in toluene with determinate concentration 
was mixed with HCl aqueous solution (pH = 1) and then ultrasonic emulsification was 
performed. After the formation of w/o emulsion, hyperbranched poly(ethoxysiloxane) 
(PEOS, which was synthesized by the polycondensation of TEOS as described 
elsewhere35, see structure in Scheme 9-1b) was added. PEOS is a polymeric silica 
precursor which acts as glue to connect the silica nanoparticles and then transforms 
the droplets into closed silica capsules after converting to amorphous silica (equation 
9-1). The emulsion was kept under gentle stirring for 3 days allowing the hydrolysis 
and condensation of PEOS. Then, the capsules can be collected by centrifugation and 
redispersed into nonpolar solvents such as toluene, hexane etc.  
 
Scheme 9-1. (a) Schematic illustration of the preparation of silica with 
monolayer or bilayer of silica nananoparticles on the shell; (b) the molecular 
structure of hyperbranched poly(ethoxysiloxane) (PEOS). 
 
 (9-1)   
9.2.2 Morphology and Composition of the Colloidosomes 
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Figure 9-1. Typical morphology of the silica colloidosomes. (a) FESEM image 
of the colloidosomes, inset shows a single colloidosome, the bar represents 500 
nm; (b) TEM image of a colloidosome, a shell can be clearly seen.   
A typical example of the silica colloidosome is shown in Figure 9-1. Most 
colloidosomes have perfectly spherical morphology and the diameters range from 
several hundred nanometers to several micrometers. The polydisperse size of the 
colloidosomes may be due to the process of emulsification. The surface is completely 
closed and fully covered with silica nanoparticles. From the enlarged picture of one 
colloidosome (Figure 9-1a inset), it can be seen that the silica nanoparticles distribute 
with hexagonal symmetrical close packing on the closed shell. The TEM image 
(Figure 9-1b) of the colloidosome provides the view of the hollow structure of the 
colloidosome under dry state. A layer of shell with thickness of 10‒15 nm can be 
clearly observed. On the fluorescence microscope image of the colloidosomes colored 
by fluorescent dye, the capsular structure is obviously revealed and a very thin shell 
can be seen (Figure 9-2), which shows the colloidosomes in dispersion.  
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FTIR spectra show that the dried colloidosome contains only silica (Figure 9-3). 
The signal of ethoxy groups of PEOS disappears after conversion. The spectrum of 
colloidosomes is nearly identical to that of silica particles, which indicates that PEOS 
is fully converted to silica after hydrolysis and condensation; and the colloidosomes 
are almost composed of only silica. The thin layer of shell is silica formed by the 
hydrolysis of PEOS. Because silica produced by PEOS has a lower density than 
Stöber silica36, it has a much lower contrast on the TEM image. The conversion of 
PEOS forms the thin continuous layer off silica. After hydrolysis and condensation, 
around half weight of PEOS will be lost because of the release of ethanol. Also 
considering the density difference between PEOS (1.14 g·cm-3) and formed silica 
(1.65 g·cm-3, hydrated silica),37  the volume of PEOS will shrink during the 
solidification process. It is calculated that approximately 30–40 nm of PEOS layer 
will be formed according to the amount of used PEOS. This value agrees with the 
observed thickness of the solidified PEOS layer (10–15 nm). These capsules are rigid 
and free standing under dry state. As can be seen on the electron microscope images, 
most capsules sustain the spherical morphology without collapse even under high 
vacuum and high voltage electron irradiation, which also indicates that these 
colloidosomes have a rather high mechanical strength.  
 
Figure 9-2. Fluorescence microscope image of the silica colloidosomes colored 
by Ru (bpy). λex ≥ 470 nm and  λem ≥ 500 nm. 
Chapter 9 Silica Colloidosome 
 
130 
 
 
Figure 9-3. FTIR spectra of PEOS, silica nanoparticles and the dried silica 
colloidosomes. 
9.2.3 The Influence of the Relative Silica Nanoparticles Content 
The relative amount of silica nanoparticles has significant influence on the 
products. Here, different weight ratios of silica nanoparticles to the water phase (Rs/w) 
have been studied. The effect of Rs/w to the final colloidosomes has two aspects. On 
the one hand, as expected, with the increase of Rs/w, there are more particles available 
for the stabilization of emulsions. Therefore, smaller water droplets can be formed 
and ultimately smaller colloidosomes can be prepared. On the other hand, Rs/w also 
affects the shell structure of the capsule. In this study, Rs/w ranging from 0.05 to 0.40 
has been investigated. The ratio of toluene/water and concentration of PEOS were 
kept constant. The results (Figure 9-4) verify the expectation that smaller capsules can 
be obtained with higher Rs/w. Though being very polydisperse, the size of the capsule 
trends downwards with the increase of Rs/w.  In addition, it appears that smaller 
capsules are stronger than the large ones. As in the case of Rs/w = 0.05, some broken 
colloidosomes are detected.  But very few small capsules (prepared by Rs/w = 0.30) 
collapse. The smallest Rs/w used here was 0.05. In this case, capsules with diameter of 
around 3‒7 µm were obtained. When Rs/w was less than 0.05, no capsule was obtained, 
which may be because there are not enough silica nanoparticles available to fully 
cover the interface of the emulsion; thus, no stable close shell can be formed. When 
Rs/w is increased to 0.40, the diameters of most capsules decreased to less than 1 µm. 
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With further increase of Rs/w, the size of the colloidosomes did not change obviously 
anymore, but free particles that were not involved in the formation of colloidosomes 
were observed.       
 
Figure 9-4. The influence of Rs/w (the weight ratio of silica nanoparticles to 
water phase) on the colloidosome size, the data were collected by counting 100 
capsules on the SEM image; the insets are typical SEM images of the 
corresponding colloidosomes. The bars in the images represent 500 nm. 
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Figure 9-5. The influence of Rs/w on the structure of the colloidosomes: the bars 
represent 100 nm and the colloidosomes are prepared by Rs/w = (a) and (b) 0.05, 
(c) 0.20  and (d) 0.40; (a) SEM image of a colloidosome prepared by Rs/w = 0.05 
which has a monolayer of silica nanoparticles on the outer layer of the shell but 
no particles on the inner shell; (b) TEM image view from a broken hole on the 
colloidosomes, a single layer of silica nanoparticles can be seen; (c) the inner 
layer of the shell is partially covered by silica nanoparticles (Rs/w = 0.20); (d) the 
silica nanoparticles cover almost the entire inner shell (Rs/w = 0.40). 
More importantly, Rs/w also controls the structure of the capsules. In some cases 
the shell of the capsules consists of bilayers of silica nanoparticles (Figure 9-5), which 
is different from many previously reported colloidosomes. Generally, the particle 
stabilized emulsion has monolayers of particles on the interfaces. Therefore, the 
capsules prepared by this Pickering technique are normally composed by a monolayer 
of particles or agglomerates. In this study, when Rs/w = 0.05, the colloidosomes have a 
monolayer of silica nanoparticles on the outside of the shell. The inner surface is very 
smooth or in some cases the particles slightly penetrate the shell to the inner side 
(Figure 9-5a and b). When Rs/w increases, as the sizes of the capsules decrease, the 
second layer of particles appears on the inner face of the shells. When Rs/w increases 
to 0.10, a second layer of particles can be observed only covering small percentage of 
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the area on the shell’s inner face. The particles on the inner face of the shell are also 
arranged in a hexagonal packing style. Though the inner face is only partially covered 
by particles, almost no individual isolated particles are observed (Figure 9-5c). When 
Rs/w increases to 0.40, almost all the colloidosomes have the second layer of particles 
on the entire inner face of the shell (Figure 9-5d). This bilayer’s structure is quite 
important feature as it can adjust the properties (such as permeability and stability) of 
the colloidosome.  
9.2.4The Influence of pH Value 
The influence of the pH value of the water phase on the formation of silica 
colloidosomes has also been studied. The capsules can form under acidic condition, 
preferably at lower pH value. In the range of pH = 1‒4, the capsules have similar 
structure and morphology. With the increase of the pH value, the capsules became 
less smooth and homogenous. When the pH value increases to 6, capsules can still be 
obtained, but the surfaces of the capsules are not fully covered with particles and there 
are also many agglomerates of silica nanoparticles formed on the capsule surface 
(Figure 9-6). When the pH value is above 6, almost no capsules can be formed. 
 
Figure 9-6. FESEM images of silica colloidosome obtained at pH = 6. 
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Figure 9-10. FESEM and TEM images of samples prepared by using TEOS 
instead of PEOS.  
9.2.6 Discussion of the Mechanism 
Taking the results given above into account, it is believed that the formation of 
silica colloidosomes involves three key procedures: the formation of w/o emulsions, 
the hydrolysis of PEOS and the solidification of PEOS, respectively. Among the three 
steps, the first two are crucial for the formation and structures of the final 
colloidosomes. At first, through ultrasonication, the mixture of silica nanoparticles, 
toluene and water was emulsified to form a w/o emulsion. The particles stick on the 
interface of water and toluene to prevent the droplets from coalescence. The emulsion 
is stable at room temperature for years. The formation of stable w/o Pickering 
emulsion is proven by the cryo-FESEM. From the FESEM images (Figure 9-11) of 
the frozen sample, spherical water droplets with sizes ranging from several hundred 
nanometers to several ten micrometers can be observed. The surface of the droplets is 
covered by a layer of 50 nm particles, which can be clearly revealed on the enlarged 
pictures.     
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Figure 9-11. Cryo-FESEM images of the silica nanoparticles stabilized w/o 
emulsion. On the enlarged image of the droplets, 50 nm particles can be clearly 
seen covering the surface.  
 After the addition of PEOS, the equilibrium of the emulsion is broken. PEOS is 
dissolved in toluene and can be easily hydrolyzed when brought into contact with 
acidic water. The hydrolyzed PEOS becomes hydrophilic and gradually separates 
from toluene. At the same time, ethanol is released to the water phase. The 
hydrolyzed PEOS wets the surface of silica nanoparticles and forms a layer between 
toluene and water. It has been reported that PEOS can wet acidic water surfaces and 
forms a homogenous layer of silica on water36. In current study, the PEOS can wet the 
interface even more easily with the presence of silica nanoparticles38, 39. As the 
hydrolysis of PEOS under acidic condition is fast and the condensation of PEOS is 
relatively slow, this layer of hydrolyzed PEOS which is also liquid will stay for a 
relatively long time. Because the water droplets observed on the cryo-FESEM images 
of the emulsion are larger than the colloidosomes obtained, there might be also 
rearrangement of particles on the droplets after the addition of PEOS. As the interface 
of toluene-silica nanoparticles changes to PEOS-silica nanoparticle interface, the 
change of interface tensions will make the particles move from water-silica 
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nanoparticles interface into PEOS. However, with the progress of the hydrolysis, the 
layer of PEOS becomes more and more hydrophilic. The particles, thus, move to the 
newly formed PEOS-toluene and PEOS-water interfaces (Scheme 9-2).  
 
Scheme 9-2. Schematic illustration of the formation of the colloidosome: (a) the 
formation of colloidosome with monolayer; (b) the formation of colloidosome 
with bilayer silica nanoparticles on the shell; (c) elemental steps of the particles 
moving to the interfaces. 
In order to verify this assumption, the interfaces tensions of the system are 
estimated (Table 9-1; see Section 9.3 for the details of the estimation). In the case of 
partially hydrolyzed PEOS, the contact angle of particles at PEOS-water interface is 
180°, which means that the particles can move into the partially hydrolyzed PEOS. At 
the same time, the contact angle of particles on the toluene-PEOS interface is 58°. 
Therefore, the particles can then move to the toluene-PEOS interface. Or, in the case 
of free particles in toluene, these excess particles can move to the interface 
preferentially because it is energy favorable. After PEOS is fully hydrolyzed, the two 
contact angles change to 65° and 105° respectively. Therefore, particles in PEOS can 
then move to the PEOS-water interface to form a second layer on the inner shell. The 
move of the particles to the toluene-PEOS interface is more energy favorable than to 
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the PEOS-water interface. This is why the particles always fully cover the outer shell 
and the bilayer’s shell only appears when more particles are used. This also explains 
the fact that the inner face of the shell where no particles exist is always smooth. The 
estimated contact angles also accord with what has been observed on the SEM images 
that a large portion of the particles is outside of the shell. 
As the hydrolyzed PEOS can change the equilibrium of the system, high 
concentrations of PEOS would destabilize the emulsion and no capsules can be 
prepared. In the case of pH > 6, the hydrolysis of PEOS undergoes a different 
procedure. Basic catalyzed hydrolysis and condensation of PEOS tends to form large 
agglomerates and particles rather than cross-linked and branched networks by acidic 
catalysis. Therefore, PEOS hydrolyzed under basic condition wets the water surface 
and forms a homogenous film. Accordingly, colloidosomes cannot be prepared.  
Therefore, PEOS, as a polymeric silica precursor, is a key reagent for the 
formation of silica colloidosomes. The macromolecular structure of PEOS makes it 
form a separated liquid layer when brought into contact with water. The wetting of 
water and silica nanoparticle interfaces is a critical step for the construction of the 
colloidosomes. If the wetting process cannot be performed, PEOS may only form 
lenses on the water surface. Hence, to connect the particles together will be much 
more difficult. Thus, the silica nanoparticles should also have suitable hydrophobicity 
that they can both stabilize the Pickering emulsion and assist the wetting of PEOS on 
water surfaces. The water droplets have to be stable against coalescence before and 
after the addition of PEOS. When TEOS is used instead of PEOS, the small molecule 
will be dissolved in acidic water after hydrolyzation. The condensation of TEOS will 
not be constrained around the particles. Therefore, the connection of the particles can 
hardly be realized. 
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Table 9-1. Estimated interface tensions ( , mJ·m-2) and contact angles of silica 
nanoparticles at different interfaces (see Section 9.3 below for the details of the 
estimation) a.  
36.0tw   
9.4st   
9.5sw   
90wt    
' 6.2p w   
' 1.0sp   
9.5sw   
' 180p w    
' 16.1tp   
9.4st   
' 1.0sp   
' 58tp    
23.5tp   
9.4ts   
3.4sp   
105tp    
' 6.7pw   
3.4sp   
' 6.2sw   
' 65pw    
 
Note: a PEOS (1) and PEOS (2) represent partially and fully hydrolyzed PEOS 
respectively. The letters in subscripts means: t - toluene, w - water, w’ - water 
with ethanol, s - silica nanoparticles, p - fully hydrolyzed PEOS and p’ - 
partially hydrolyzed PEOS.  
    
Hence, it can be concluded that in order to prepare silica colloidosome, the surface 
tension of silica nanoparticle, oil, water, and PEOS have to match with each other in 
order to obtain stable water droplets throughout the process. For a given continuous 
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phase (toluene) and a disperse phase (water), the only controllable parameter is the 
silica nanoparticle. For the spherical silica particles prepared by the Stöber method, 
the size and surface modification can be well controlled. At the colloidal range, larger 
particles are more stable on the interfaces than smaller ones21. Therefore, larger silica 
nanoparticles are preferred. On the other side, the layer of PEOS is estimated to be 
only 30‒50 nm thick, so the particles cannot be too large. Otherwise, to connect these 
particles together will be difficult. Here, silica nanoparticles with diameter of 50 nm 
are chosen, which have reasonable size to stabilize the emulsion and form the shell of 
the colloidosome. The hydrophobicity of the particles also has to be tailored that the 
surface tension of the particle is compatible with the surface tension of toluene, water, 
and PEOS. Here, the octadecyl group was used to hydrophobize the silica 
nanoparticles, which can provide enough hydrophobicity and also leave sufficient 
silanol groups on the silica nanoparticles. In this study, the parameters of the system 
are kept constant. The only change is Rs/w. As the formation mechanism has been 
understood, it is also possible to further control the structure of the colloidosome by 
changing the hydrophobicity of the silica nanoparticles and the surface tensions of the 
continuous and disperse phases. This system can also be extended to some non-
aqueous emulsion system, for example, for the encapsulation of some inorganic salts. 
9.2.7 Evaluation of the Permeability by TGA 
This silica colloidosome is composed of pure inorganic materials. Therefore, as an 
encapsulating device, the silica colloidosome shows different characteristics over 
organic capsules. Colloidosomes previously reported often use the hole between 
particles as channels for controlled release, or the organic material itself allows some 
molecules to diffuse across the capsules. However, in this study, the silica 
colloidosome is completely closed and silica has much less free volume in the solid 
matrix. Therefore, the diffusion of molecules across the silica colloidosome will be 
much more difficult. The silica nanoparticles and the complete shell function as a 
barrier for the ingredients in the capsule against release. The stability and inertia of 
silica also make the colloidosome an effective shield which protects the substance 
inside against attacks from outside. Hence the silica colloidosome is rather a hermetic 
capsule. Nevertheless, the silica shell obtained by hydrolysis of PEOS at acidic 
condition is still porous36. Thus, the colloidosome still allows small molecules such as 
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water to move across the shell very slowly. Here thermogravimetric analysis (TGA) 
measurements were employed to study the stability and permeability of the 
colloidosome. Upon heating, all the samples lost weight until a certain temperature 
(120 °C to 180 °C) and above this temperature the weight did not reduce anymore 
(Figure 9-12). The weight loss is similar to the water used during the preparation of the 
colloidosomes. This indicates the evaporation of the water core of the colloidosomes 
either through the porous shell or by the collapse of the capsules. It is obvious that the 
speed of losing water decreases with the increase of Rs/w. The sample of Dry Water 
from DEGUSSA22 was also tested as comparison. For this Dry Water, the water 
droplets are only covered by a layer of silica particle on the surface, which are 
different from our silica colloidosomes that are completely closed capsules. Therefore, 
the weight loss of Dry Water upon heating is much faster than that of the silica 
colloidosomes.  
 
Figure 9-12. Weight loss of the silica colloidosomes upon heating at 10K/min 
heating speed. 
The weight loss of the colloidosomes at isothermal conditions is shown in Figure 
9-13. A quite linear decrease in weight is observed against time up to 70% of the total 
weight loss. The results reveal that the evaporation rate increases with the increase of 
temperature. With the increase of Rs/w, the evaporation rate decreases. Though smaller 
water droplets are expected to evaporate faster, the water in smaller colloidosome has 
a much lower evaporation rate. As discussed above, colloidosomes with high silica 
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nanoparticle content are more stable and have a bilayer of particles on the shell. The 
hexagonal close packing of particles on both sides of the shell reduces the interspaces 
between particles significantly. Therefore, the second layer particles on the inner face 
can make the diffuse of water through the shell much more difficult. Using the given 
data, the active energy (Ea) of the water evaporation from the capsules can be 
approximately evaluated employing Arrhenius equation: 
/aE RTk Ae                                                              (9-2) 
Because it is difficult to control the area that the colloidosomes contact the air, it can 
only be roughly estimated that Ea of water evaporation from the colloidosomes is in 
the range of 51~73 kJ·mol-1 depending on the sample. This energy is larger than the 
Ea of water evaporation from just liquid water (47 kJ·mol-1at 30 °C). This means that 
extra energy is needed for water to pass through the shell of the colloidosomes. The 
Ea is also smaller at higher temperature, which may be because some colloidosomes 
collapse at higher temperature. The colloidosomes have a very high mechanical 
strength especially the smaller ones. For the colloidosomes prepared with Rs/w = 0.20, 
after isothermal measurement at 70 °C, the samples were further heated to 600 °C, 
and most capsules kept the original morphology without collapse.  
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Figure 9-13. Weight decrease of the colloidosomes at isothermal conditions: (a) 
colloidosomes prepared with different Rs/w at 30 °C; (b) colloidosomes prepared 
at Rs/w = 0.30 at different temperatures.  
9.3 Estimation of the Interface Tensions and Energy Changes 
This is approximate estimation because the experimental data is limited. However, 
the rough estimation can still give us valuable information to understand the 
mechanism of the formation of colloidosome.     
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Figure 9-14. Schematic illustration of a spherical solid particle at an oil-water 
interface showing the various interfacial energies and the contact angle 
measured in the water phase. 
Assuming the particle is small enough so that the effect of gravity is negligible 
and the oil-water interface is flat (Figure 9-14). In the case of a single solid spherical 
particle (s) of radius r located at the oil (o)—water (w) interface, the three interfacial 
tensions ( ) are related to the contact angle ow  (measured in the water phase) by the 
Young equation: 
cosso sw ow ow                                                    (9-3) 
The energy required to remove the particle from the interface into the oil phase is 
given by  
 22 1 cosow owE r                                          (9-4) 
The energy needed to remove the particles to the water phase is given by 
 22 1 cosow owE r                                            (9-5) 
In this system, there are 5 possibilities of arrangement of silica particles on the 
interfaces (Figure 9-15). 
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Figure 9-15. Several possibilities of arrangement of particles at different 
interfaces. 
The corresponding equations are: 
cosst sw tw tw                                                      (9-6) 
' ' 'cossp sw p w p w                                             (9-7) 
 ' ' 'cosst sp tp tp                                                (9-8) 
cosst sp tp tp                                                 (9-9) 
' ' 'cossp sw pw pw                                             (9-10) 
The s, t, p, p’, w and w’ in the subscript of  and  refer to silica nanoparticle (s), 
toluene (t), fully hydrolyzed PEOS (p), partially hydrolyzed PEOS (p’), water (w) and 
water containing ethanol (w’) respectively. 
Here PEOS (1) and PEOS (2) refer to partially and fully hydrolyzed PEOS 
respectively. 
Any surface tension (  ) can be expressed as the sum of components due to 
dispersion forces ( d ) and polar forces ( p ):   
d p                                                  (9-11) 
The interfacial tension between two phases α and β can be expressed as: 
2 2d d p p                                        (9-12) 
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The data of dw , pw , dt and pt  are already know and the data are taken from 
references40, 41. 
The other surface tensions will be estimated.  
First, the surface tension of PEOS is evaluated by the Lifshitz theory. According 
to this theory, the Hamaker constant of two identical phases 1 interacting across 
medium 3 can be expressed as: 
 
 
22 2 2
1 31 3
0 0 3/22 2
1 3 1 3
33
4 16 2
eh n nA A A kT
n n
 
 
  
       
                      (9-13) 
where  and n are dielectric constant and refractive index respectively. k is 
Boltzmann constant, T is absolute temperature, h is Planck’s constant, and e is the 
electronic absorption frequency in UV (  3.0×1015 s-1). If phase 1 is considered as 
PEOS ( 1 = 5.3, 1n = 1.41) 36, phase 3 as vacuum ( 3 = 1, 3n = 1), then the Hamaker 
constant of PEOS can be calculated as 5.13×10-20 J. The surface tension can be 
expressed as: 
2
024
A
D
                                                           (9-14) 
where 0D is the cutoff distance for which 0.165 nm can be used for most substances. 
Therefore, the surface tension of PEOS can be calculated as  = 25.0 mJ·m-2. This 
value is quite similar to the estimated value of fully hydrophobized silica40. Therefore, 
it is reasonable to consider PEOS as silica and use the surface tension of silica for 
PEOS. As the surface tension of PEOS is close to that of toluene and the 
concentration of PEOS in toluene is low, the dissolving of PEOS does not affect the 
surface tension of toluene.    
Here, the water phase is 0.1M HCl solution, which has a quite similar surface 
tension as pure water41. Therefore, the surface tension value of pure water is used. 
The surface tension of hydrolyzed PEOS is not known. However, fully hydrolyzed 
PEOS can be considered as silica with 100% Si-OH on the surface because all the 
ethoxy groups of PEOS will be replaced by –OH groups. For partially hydrolyzed 
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PEOS, the value of silica with 75% Si-OH on the surface was taken. The silica 
nanoparticles used here are estimated to have 50% Si-OH left. The value of silica 
having 50% Si-OH is used. Binks and coworkers estimated the surface tensions of 
silica with different amount of Si-OH groups on the surfaces40. These surface tensions 
are taken from this reference. 
In the typical procedure of the experiment, if PEOS has been completely 
hydrolyzed, then around 0.08 g ethanol will be released. In this case, ethanol will be 
mainly dissolved in water rather than in toluene42. Therefore, after the addition of 
PEOS, the water phase changed to water-ethanol mixture. The addition of ethanol to 
water can considerably reduce the surface tension. Here, the value of the surface 
tension of 8 wt% ethanol in water from the literature43 was used and the ratios of d   
and p  of pure water are used for that of water containing 8 wt% ethanol. 
The surface tensions used for calculation are listed in Table 9-2. 
Table 9-2. The components of surface tension values.  
   ( mJ·m-2) d  (mJ·m-2) p (mJ·m-2) 
toluene 29.1 27.8 1.3 
PEOS (1) 62.7 37.0 25.7 
PEOS (2) 76.0 42.0 34.0 
silica nanoparticles 49.5 32.0 17.5 
water 71.9 21.5 50.4 
water with 8 wt% 
ethanol 
50.7 15.2 35.5 
 
Using these data the interface tensions and the contact angles can be calculated 
(the results in Table 9-1).   
With these data, the energy change of the particles moving from different phases 
to the interface can be calculated using Equation 9-4 and 9-5. 
For moving a particle from toluene to toluene-PEOS (1) interface: 
 22 ' '1 cos 18011tp tpE r kT         
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For moving a particles from PEOS (1) to toluene-PEOS (1) interface: 
 22 ' '1 cos 1701tp tpE r kT         
Therefore, the move of a particle from toluene to the interface is energy favorable. 
For moving a particle from PEOS (2) to the PEOS (2)-toluene interface: 
  22 1 cos 17772tp tpE r kT         
For moving a particle from PEOS (2) to the PEOS (2)-water (with ethanol) 
interface: 
 22 ' '1 cos 6497pw pwE r kT         
Therefore, the move of a particle to the PEOS (2)-toluene interface is energy 
favorable.  
9.4 Encapsulation of Inorganic Salts 
As described in the previous sections, the silica colloidosomes are very promising 
to be used as hermetic capsules for encapsulation of various materials. Here, as a 
demonstration of the versatility of this method, the system is extended to some other 
non-aqueous systems. Two inorganic Phase Change Material (PCM) salts have been 
encapsulated in the silica colloidosome. 
PCMs are substances that exist in at least two structurally distinct solid phases, 
generally an amorphous and one (or more) crystalline phases. It has a high heat of 
fusion which melts and crystallizes at certain temperatures. PCMs are latent heat 
storage units capable of storing and releasing large amounts of energy. The absorption 
or release of heat is realized when the materials experience the phase transition. For 
better performance, PCMs are generally encapsulated in microcontainers. The 
packing materials should be durable to endure frequent changes in the material’s 
volume. They should also restrict the passage of water through the walls to prevent 
the materials from drying and leaking. The encapsulated device must be resistant to 
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caustic environment44, 45. Silica is an ideal encapsulating material for this purpose. 
The procedure for the preparation of silica colloidosomes can be easily adapted.  
Here, disodium hydrogen phosphate dodecahydrate (Na2HPO4·12H2O) and 
sodium sulfate decahydrate (Na2SO4·10H2O) were encapsulated by this Pickering 
technique. The melting points of the two salts are 35°C and 32.4°C respectively. The 
encapsulation procedure is identical to the process of preparation silica colloidosomes 
with water cores, except that the melted salts are used as the polar disperse phase 
instead of water. The reaction is kept at 40 °C to ensure that the salts are in the 
melting state during the emulsification process and the transformation of PEOS. The 
results show that these salts can be successfully encapsulated into silica 
colloidosomes. The structure of the colloidosomes is quite similar to that of the silica 
colloidosomes with water cores. Both monolayer and bilayer of silica nanoparticles on 
the shell have been observed (Figure 9-16).  
 
Figure 9-16. FESEM images of Na2HPO4·12H2O (left) and Na2SO4·10H2O 
(right) encapsulated in silica colloidosomes. 
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It can be seen on the SEM images that there are almost no isolated salt crystals, 
which suggests that the salts are encapsulated in the capsules. The colloidosomes are 
not as spherical as that obtained with water cores and many colloidosomes collapsed. 
Some salts crystals are not fully covered with silica nanoparticles. Therefore, the 
encapsulation process still needs to be optimized. The hydrophobicity of silica 
nanoparticles and the oil may have to be adjusted to get better encapsulation.     
9.5 Summary 
In summary, pure silica colloidosomes are prepared using hydrophobic silica 
nanoparticles stabilized w/o emulsion as template and PEOS, a polymeric silica 
precursor, as cross-linker at pH = 1‒6. The rigid and free-standing colloidosomes are 
closed capsules with water core inside. The release of water from the capsule is 
considerably hindered. The structure of the colloidosomes can be designed to have a 
monolayer or bilayers of silica nanoparticles on the shell by the relative amount of 
silica nanoparticles. The size and shell thickness can also be controlled. A mechanism 
for formation of the colloidosome is proposed. The silica shell protects the substance 
in the core against attack from the environment and prevents the substance from 
leaking. This encapsulation procedure can also be extended to non-aqueous systems. 
As an example, two PCMs, Na2HPO4·12H2O and Na2SO4·10H2O have been 
successfully entrapped in silica colloidosomes. Therefore the silica colloidosomes are 
very suitable to be used as hermetically sealed microcontainers for the encapsulation 
of various ingredients.  
9.6 Experimental Section 
9.6.1 Preparation of Hydrophobic Silica Nanoparticles  
Stöber method was used to synthesize silica nanoparticles with diameter of 50 nm, 
and the particles were then hydrophobized by ODMS. In a typical procedure, 11.4 mL 
of TEOS and 17.1 mL of 25% ammonia aqueous solution were dissolved in 342 mL 
of ethanol with stirring. The solution was kept under gentle stirring at room 
temperature for 24 h. Then 150 µL ODMS was added. The mixture was kept under 
stirring for another 24 h. Then the particles were isolated from the solution by 
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centrifugation, and washed wish ethanol and toluene. Finally, the particles were 
redispersed in 30 mL of toluene and a homogeneous dispersion was formed. The 
concentration of particles was determined as 1 g/mL. 
9.6.2 The Formation of Silica Colloidosomes 
In a typical procedure, 1 mL of silica dispersion was dissolved in 8.4 mL of 
toluene and mixed with 1 mL of 0.1 M HCl aqueous solution. Then the mixture was 
emulsified by ultrasonication 30 min (Branson Sonifier® 450 cell disrupter, 3 mm 
microtip, 0.9 time circle, 247 W output). Then 0.6 mL of 20 vol% PEOS solution in 
toluene was added to the emulsion. The emulsion was kept under gentle stirring at 
room temperature for 3 days for the solidification of PEOS to form capsules. The 
capsules can be separated by centrifugation and then washed with toluene and hexane. 
For FESEM and TEM measurements, the capsules were dispersed in toluene, and one 
drop of the dispersion was dropped on the cupper grid covered with Famour film and 
carbon. After washed with hexane, the capsules were kept in a plastic centrifuge tube 
with stopper. After 1 week, the volatile organic solvent hexane can be removed and 
the water cores still remain. The capsules are ready for TGA measurements. For 
fluorescence microscopic analysis, 10 µL of 0.1 M Ru(bpy) was dissolved in the 1 
mL of 0.1 M aqueous HCl solution in the procedure of capsules preparation.  
9.6.3 Preparation of Silica Colloidosomes with PCM Core 
The procedure of preparation of silica colloidosomes with PCM core is the same 
as in Section 9.6.2, except that PCM was used instead of 0.1 M HCl solution and the 
reaction was performed at 40 °C. 
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Outlook 
In this dissertation, several groups of colored silica nanoparticles have been discussed. 
Some special effects, such as improved photostability, increased quantum yield and 
fluorescence enhancement, have been observed. Therefore, it can be concluded that the 
encapsulation of dye molecules into silica matrix can improve the performance. However, 
most of these results are based on porous particles. Though some approaches for the 
preparation of dense silica particles have been discussed, they are not applied to 
encapsulate functional ingredients. Dense silica coatings can provide better protection 
and encapsulation. Hence, further improvement of performance and other special effects 
are expected. The incorporation of dye molecules and other functional components into 
dense silica matrix could be done in the future to study the effects of the dense 
encapsulation. The dense silica can be prepared by monosilicic acid dense coating 
procedure. Although it is a technique developed half a century ago, it still has many 
opportunities for new applications in the present science and technology. However, this 
procedure has some drawbacks: the efficiency is relatively low; the reaction has to be 
precisely controlled. Therefore, new methods which have higher efficiency and 
applicability should be developed. The synthesis at high temperature is promising. The 
nucleation and agglomeration of primary particles should be well controlled.  
The controlled number of gold nanoparticles in the silica particles is achieved by the 
directed coalescence of microemulsion and gold sol. However, the controllability still 
needs to be improved. Other coalescence agents, microemulsions should be investigated.  
The silica colloidosomes can be further treated by dense silica coating to realize 
completely hermetic encapsulation. Some other elements in the system, such as the size 
and hydrophobicity of the particles, should be further investigated. This strategy can be 
further applied to the oil-in-water Pickering emulsion system and even double emulsion 
system.  
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Silica is the most abundant mineral of the crust of the earth. It plays a key role since 
the dawn of the human civilization, first in flint and pottery. Nowadays, the modern 
science and technology could be quite different without the use of silica. However, silica-
based chemistry may be one of the least attractive fields in nanoscience. Compared with 
many other nanostructures, such as quantum dots, carbon nanotubes, magnetic particles, 
gold particles, silica is a rather “boring” material. However, the inertness of silica is just 
one of its most valuable properties.  Silica provides an ideal platform to accomplish 
multiple functions in nanoscale. It is no doubt that silica will continue offering great 
capabilities during the development of multifunctional nanostructures. The only 
limitation is just our intelligence and imagination. 
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Appendix I Instruments 
TEM, and EELS measurements were performed by a Zeiss Libra 120 (Carl Zeiss, 
Oberkochen) EFTEM equipped with LaB6 filament and an In-column OMEGA filter. 
The electron beam accelerating voltage was set at 120 kV. The solid sample was first 
suspended in a suitable solvent (water, ethanol, or toluene for example) by ultrasonic 
treatment for 20 min. A drop of this well-dispersed suspension was then trickled on a 
piece of carbon-coated copper grid. Before being placed into the TEM specimen holder, 
the copper grid was air-dried under ambient conditions. The EELS spectra and elemental 
mapping were processed by the software WinTEM™.   
ImageJ and WinTEM™ software was employed to process the TEM digital images to 
determine the particle size. At least 100 particles were measured.  
FESEM and cryo-FESEM measurements were performed on a Hitachi S-4800 
FESEM equipped with a Gatan ALTO 2500 cryotransfer chamber. The accelerating 
voltage was set at 1.0‒30 kV depends on the samples. 
Fluorescence microscopy was performed with a Zeiss Axioplan 2 microscope 
equipped with XBO 75 illuminating system (Xenon lamp) and using different filters. A 
drop of dispersion of the samples was trickled on a 1×3 inch microscope glass slide and 
then was covered carefully with an 18×18 mm cover slip. The sample was dried under 
ambient environment before measurement.  
UV-Vis spectra were measured by Varian Cary 100 UV-Vis spectrophotometer. 
Fluorescent spectra were measured by Perking Elmer LS-50 photoluminence 
spectrometer and a HORIBA Jobin Yvon FluoroMax®-4 spectrofluorometer. The 
quantum yield was obtained by an F-3018 integrating sphere on the later spectrometer.  
Infrared (IR) spectra were obtained by   Nicolet 60 SXR FT-IR Spectrometer using 
PAS or KBr methods.  
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1H- and 13C- liquid nuclear magnetic resonance (NMR) spectra were recorded on a 
Varian Inova 400 MHz spectrometer at room temperature. Tetramethylsilane (TMS) was 
used as an internal standard. 
X-ray Photoelectron Spectroscopy (XPS) measurements were carried out in an Ultra 
AxisTM spectrometer (Kratos Analytical, Manchester, UK). The samples were irradiated 
with monoenergetic Al K*1,2 radiation (1486.6 eV), and the spectra were taken at a 
power of 144 W (12 kV × 12 mA). 
Zeta-potential was obtained by Malvern Zetasizer Nano ZS (Worcestershire, UK). 
TGA was performed by a NETZSCH TG 209c unit operating under nitrogen 
atmosphere with 10mL/min flow rate. 
Ultrasonic emulsification was performed by a Branson Sonifier® 450 cell disrupter 
equipped with a 3 mm microtip. A Branson® 2510 ultrasonic cleaner was used to disperse 
the samples.   
Centrifugation was performed on Eppendorf Centrifuge 5810.  
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Appendix II Chemicals 
All the chemicals were used as received without further purification. 
3-aminopropyltriethoxysilane (C9H23NO3Si, APTES, 99%, Aldrich) 
ammonia solution (25%, KMF) 
anthracene-9-carboxylic acid (C15H10O2, Sigma) 
Blankophor™ REU (Bayer) 
4-Chloro-7-nitrobenzofurazan (NBD-chloride, Sigma) 
diethoxydimethylsilane ((CH3)2Si(OC2H5)2, DEDMS, 97%, Aldrich) 
diethylene glycol ((HOCH2CH2)2O,DEG,  ≥99.0%, Sigma-Aldrich) 
N,N-dimethylformamide (DMF, p. a., Merck) 
DOWEX®HCR-W2 ionexchange resin (hydrogen form, Sigma-Aldrich) 
ethanol absolute (C2H5OH, AnalaR NORMAPUR®, VWR) 
fluorescein isothiocyanate isomer I (C21H11NO5S, FITC, ≥ 90%, Sigma) 
glutaric anhydride (C5H6O3, 95%, Aldrich) 
3-glycidyloxypropyl trimethoxysilane (C9H20O5Si, GPTMS, 98%, Aldrich) 
gold (III) chloride trihydrade, (HAuCl4·3H2O, ≥99.9% trace metal basis, Sigma-Aldrich) 
hexadecyltrimethylammonium bromide (CH3(CH2)15N(Br)(CH3)3, ≥ 98%, CTAB, Sigma) 
n-hexane (C6H14, AnalaR NORMAPUR®, VWR) 
hydrogen chloride 37% (HCl, AnalaR NORMAPUR®, VWR) 
Igepal® CO-520 ((C2H4O)n · C15H24O, n~5, polyoxyethylene nonylphenol ether, Aldrich) 
L-lysine (H2N(CH2)4CH(NH2)CO2H, >97%, Fluka) 
octadecyltrimethoxysilane (C21H46O3Si, 90%, Aldrich) 
3,4,9,10-perylenetetracarboxylic dianhydride (C24H8O6, 97%, Aldrich) 
Pluronic® F-127  (powder, BioReagent, Sigma) 
potassium hydroxide (KOH, pellet, for analysis, Merk) 
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silver nitrate crystal (AgNO3, extra pure, Merk) 
sodium citrate tribasic dihydrate (HOC(COONa)(CH2COONa)2 · 2H2O , ≥99.0%, Fluka) 
sodium hydroxide (NaOH, pellet, for analysis, Merk) 
sodium metasilicate nonahydrate (≥ 98%, Aldrich) 
sulforhodamine 101 acid chloride (C31H29ClN2O6S2, technical grade, Sigma) 
tetraethyl orthosilicate (SiC8H20O4, TEOS, 98%, Aldrich) 
toluene (C6H5CH3, AnalaR NORMAPUR®, VWR) 
trimethylmethoxysilane (C4H12OSi,  99%, Aldrich) 
tris(2,2’-bipyridyl)dichlororuthenium(II) hexahydrate (powder, C30H24Cl2N6Ru · 6H2O, 
Ru(bpy) , Aldrich) 
water glass (36 °Be, KMF)
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